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INTRODUCTION such as internal initiation, where the small (40S) ribosomal

This review will deal almost exclusively with the process of
initiation codon selection in eukaryotes by ribosomal scan-
ning, drawing primarily from studies of mammals and bud-
ding yeast, where most of the recent progress has occurred.
While compelling evidence for scanning was obtained over
30 years ago, a mechanistic understanding of the process has
begun to emerge only recently. I will not cover the various
nonscanning modes of initiation that have been described,
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subunit binds directly to the initiation site on the mRNA
and dispenses with (at a minimum) the m’G cap and initi-
ation factors that recognize the cap and recruit the ribosome
to the 5’ end of the mRNA. Internal initiation is well es-
tablished for certain internal ribosome entry sites (IRESs)
in viral mRNAs, and in some cases their functions have been
reconstituted in vitro, and structures have been elucidated at
an atomic resolution (58, 82, 98). My goal is to provide
readers with a current understanding of the mechanisms
that ensure the base-by-base inspection of the 5’ untrans-
lated region (5'UTR) and the stringent recognition of AUG
codons in an optimal sequence context during the process of
scanning. This should provide the necessary foundation for
considering regulatory pathways that target particular steps
of the process to modulate gene expression and the func-
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tions that must be circumvented or replaced to allow ribo-
somes to bypass 5'UTR sequences during internal initiation
or utilize suboptimal or non-AUG triplets as start codons.

OVERVIEW OF TRANSLATION INITIATION BY THE
SCANNING MECHANISM

According to the current paradigm, the identification of
the initiation codon by the scanning mechanism begins with the
assembly of a 43S preinitiation complex (PIC), containing the
initiator methionyl tRNA (Met-tRNAM®* or initiator tRNA) in
a ternary complex (TC) with the GTP-bound form of eukary-
otic initiation factor 2 (eIF2). The assembly of the 43S PIC is
stimulated by elFs 1, 1A, and 5 and the eIF3 complex, which
(except for eIF5) are known to bind directly, and coopera-
tively, to the 40S subunit (Fig. 1). At least in budding yeast, a
network of interactions links eIFs 1, 3, and 5 and the TC in a
multifactor complex (MFC) (10), and there is evidence that
these interactions enhance the formation or stability of the 43S
PIC (reviewed in reference 85). The 43S PIC attaches to the
mRNA at the capped 5’ end in a manner facilitated by the
elF4F complex, comprised of the cap-binding protein eIF4E,
elF4G, the RNA helicase eIF4A, and the poly(A)-binding
protein (PABP). eIF4G is a scaffold protein that harbors bind-
ing domains in its N terminus for PABP and eIF4E and in its
middle and C-terminal regions for eIF4A and (in mammals)
elF3. The binding domains for eIF4E and PABP in eIF4G, and
its RNA-binding activity, enable eIF4G to coordinate indepen-
dent interactions with mRNA via the cap, the poly(A) tail, and
sequences in the mRNA body to assemble a stable, circular
elF4F - mRNA - PABP mRNP, referred to as the “closed-
loop” structure. The elF4G-elF3 interaction is expected to
establish a protein bridge between this activated mRNP and
the 43S PIC to stimulate 43S attachment to the mRNA, and
the helicase activity of eIF4A, enhanced by its interaction with
elF4G and elF4B, is thought to generate a single-stranded
region in the mRNA for recruiting the 43S PIC (85, 124, 155,
168, 221).

Once bound near the cap, the 43S PIC scans the mRNA
leader for an AUG codon in a suitable sequence context, using
perfect complementarity with the anticodon (Ac) of initiator
tRNA as the means of recognizing an AUG when it enters the
peptidyl-tRNA (P) site of the 40S subunit. AUG recognition
signals the cessation of scanning and the irreversible hydrolysis
of the GTP bound to eIF2 in the TC, dependent on the
GTPase-activating protein (GAP) elF5, to produce a stable 48S
PIC. Following the release of eIF2-GDP and other elIFs pres-
ent in the scanning PIC, the joining of the large (60S) subunit
is catalyzed by eIF5B to produce an 80S initiation complex
(IC) containing Met-tRNAM<! base paired to AUG in the P
site and ready to begin the elongation phase of protein syn-
thesis (85, 168) (Fig. 1).

A key aspect of scanning concerns the ability of the 43S PIC
to thread along the mRNA to permit the base-by-base inspec-
tion of nucleotides in the P site. The path of mRNA through
the 70S bacterial ribosome has been defined by X-ray crystal-
lography (230) (Fig. 2A), and it appears to be quite similar for
the eukaryotic 43S PIC. This conclusion is based on the strong
structural similarity between eukaryotic and prokaryotic ribo-
somes (20, 178, 197, 208) and analyses of the cross-linking of
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thiolated bases introduced at different positions in the mRNA
to 18S rRNA residues or ribosomal proteins in reconstituted
mammalian PICs (172, 173). The mRNA enters from the sol-
vent-exposed “back” side of the small subunit between the
head and shoulder domains and occupies a ~12-nucleotide
(nt) entry channel that precedes the A, P, and E decoding sites,
which are exposed on the subunit interface surface, and then
proceeds through a ~12-nt exit channel that opens on the back
side of the 40S subunit (Fig. 2). As discussed below, it is
thought that the ability of mRNA to thread easily through the
mRNA-binding channel is dependent on an “open” conforma-
tion of the 40S subunit, which is promoted by various initiation
factors, particularly eIF1 and eIF1A. In a 48S PIC with AUG
in the P site, the leading edge of the ribosome is located ~17
nt 3’ of the AUG. It is possible to assay the formation of this
stable complex by the inhibition of reverse transcription from
a DNA primer annealed downstream of the PIC, forming a
cDNA product whose length maps the “toeprint” of the ribo-
some on the mRNA (Fig. 2B) (80, 166).

Another critical facet of the scanning process concerns the
ability of stable secondary structures to impede the progression
of the PIC along the 5'UTR, presumably because RNA hair-
pins cannot thread through the 40S mRNA entry channel. It is
thought that ATP-dependent RNA helicases are required to
melt secondary structures and enable the PIC to attach at the
5" end of the mRNA and then scan every base in the 5'UTR.
While eIF4A can perform this function, it now appears that
other DEAD-box helicases contribute as well, at least during
the scanning stage of the process (1, 22, 85, 157, 168, 174).

FEATURES OF THE SCANNING MECHANISM AND
EXCEPTIONS TO THE “FIRST-AUG RULE”

The predominant role of scanning in mammalian translation
initiation was established primarily by the seminal studies of
Kozak, who thoroughly documented the fact that most eukary-
otic mRNAs are monocistronic and also lack additional AUGs
upstream of their initiation sites. Combining these findings
with observations that the m’G cap stimulates translation and
results indicating that ribosomes cannot bind circular mRNAs
(109) but can migrate on mRNA after binding at the 5" end
(117), Kozak proposed the scanning hypothesis (108). This
model was supported by observations that insertions of sec-
ondary structure in the 5'UTR can block translation (110, 164)
and by mutational analyses of preproinsulin mRNA showing
that 5’-proximal AUG triplets are used preferentially as start
sites and that the insertion of a short upstream open reading
frame (ORF) (uORF) inhibits initiation at downstream coding
sequences (108, 113, 114, 116). Genetic studies by Sherman
and colleagues also played an important role in uncovering the
scanning process and demonstrating its importance in budding
yeast. Their findings established that AUG codons at various
locations near the 5’ end of the CYCI ORF can function
effectively as start codons, implying that AUG is the only
sequence essential for initiation (192, 193, 201). Those authors
also identified a cycl null mutation that created a short uORF,
showing that a functional start codon must be the 5'-proximal
AUG and that ribosomes generally cannot reinitiate after ter-
minating at a uORF in yeast (202).

The scanning hypothesis was modified for mammalian cells
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FIG. 1. Pathway of eukaryotic translation initiation via ribosomal scanning. The process of initiation is depicted as a pathway of reactions (a
subset described in blue type), beginning with the dissociation of 80S ribosomes into free 40S and 60S subunits and the assembly of the 43S PIC
on the small ribosomal subunit. 80S ribosomes and 40S subunits are depicted as silhouettes of the crystal structures of bacterial 70S and 30S
ribosomal species, with approximate locations of the aminoacyl-tRNA (A), peptidyl-tRNA (P), and exit (E) sites labeled in the 40S subunit. eIFs
are depicted as shapes labeled by numbers, and GTP or GDP bound to eIF2 in the ternary complex (TC) is depicted as green or red balls,
respectively. Two pathways for the recruitment of the TC to the 40S subunit in assembling the 43S PIC are depicted, with one involving the prior
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FIG. 2. Path of mRNA on the bacterial 70S ribosome. (A) Details of the arrangement of mRNA (yellow/orange/red/blue winding cylinder)
relative to the major landmarks of the 30S subunit. The mRNA enters and exits on the solvent face of the 30S subunit (not shown here) and winds
around the neck, being exposed on the interface surface of the subunit at the A, P, and E decoding sites. (Modified slightly from reference 48 with
permission from Elsevier.) (B) Toeprinting analysis of the bacterial PIC containing Met-tRNAM¢! base paired to AUG in the P site. The view is
looking down from above the head. Primer extension by reverse transcriptase (RT) from a *?P-labeled DNA primer (blue) annealed to the mRNA
(black) downstream of the PIC is inhibited when RT collides with the 30S subunit near the entry channel opening, producing a cDNA (red) ~17
nt smaller than the distance between the 5’ end of the primer and the AUG. (Adapted from reference 68 with kind permission from Springer
Science+Business Media.)

after the discovery that sequences immediately surrounding
the start codon, particularly at the —3 and +4 positions (rel-
ative to the AUG), can have a dramatic effect on initiation
frequency, to the point where a 5'-proximal AUG will be
bypassed at high frequencies if it resides in an unfavorable
context. This exception to the first-AUG rule was called “leaky
scanning” (112). A consensus sequence surrounding the start

codon was compiled by Kozak for vertebrate mRNAs, 5'-GC
CGCC(A/G)CCAUGG-3’ (103), and it was shown that muta-
tions that depart from the consensus at position —3 can reduce
initiation on preproinsulin mRNA by more than an order of
magnitude in mammalian cells. Relatively lesser effects were
observed for substitutions at positions +4, —1, and —2, which
were greater in degree when the —3 nucleotide was suboptimal

incorporation of the TC into the multifactor complex (MFC). mRNA is activated by the binding of eIFAF (eIF4E/eIF4G/eIF4A) to the m’G cap
and of PABP to the poly(A) tail of the mRNA, with the attendant production of a single-stranded region at the mRNA 5’ end in a manner
facilitated by eIF4B and the ATP-dependent helicase activity of eIF4A. 43S PICs attach to the 5" end of the mRNA, forming the 43S - mRNA
complex, in a manner stabilized by a network of interactions among the mRNA, eIF4G, elF3, eIF5, eIF4B, and the 40S subunit. The 43S PIC scans
the mRNA 5'UTR in a manner facilitated by eIF4A’s helicase activity, and the helicases Dedl and Dhx29 (not shown) also facilitate scanning
through stable secondary structures in the 5"UTR. Note that the hydrolysis of the GTP in the TC occurs in the scanning complex, but the release
of P; is blocked until the AUG base pairs with the anticodon of Met-tRNAM®!, with the attendant dissociation of eIF1 from the 40S subunit and the
arrest of scanning. elF2-GDP is released from Met-tRNAM®' and eIF5B-GTP joins the complex to catalyze the joining of the 60S subunit and
the production of an 80S initiation complex competent for elongation. The eIF2-GDP is recycled to the eIF2-GTP by the GEF elF2B to enable
the reassembly of the TC. elF2B is inhibited by the phosphorylation of eIF2 on Ser-51 of its « subunit by various kinases, activated by different
kinds of stress. See the text for more details. (Modified from reference 85 with permission of Cold Spring Harbor Laboratory Press.)
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(112). A more recent sequence compilation is in general agree-
ment with these earlier findings but indicated that strong se-
quence bias is limited to only the first 5 nt upstream of the
AUG. The 5'UTRs of mammalian mRNAs are G+C rich
throughout ~100 nt upstream of the AUG, except for the
strong preference for an A at position —3, and there is an
overrepresentation of C’s at positions —1, —2, and —4 and an
underrepresentation of U’s at positions —1 to —5 (190). In-
deed, the presence of all U’s surrounding the AUG had been
shown earlier to reduce preproinsulin mRNA translation to
almost undetectable levels (112).

In budding yeast, in contrast, 5'"UTRs are highly biased for
A’s from positions —1 to —30, with a particularly strong pref-
erence for A at position —3 that is comparable to what occurs
in mammals (190). Mutations from the consensus at position
—3 reduced translation only 2-fold or less for various yeast
genes in vivo (17, 37, 229). However, deviations from the con-
sensus do permit the leaky scanning of the first AUG in several
native yeast mRNAs (195, 218, 220). Furthermore, deviations
from the consensus produce stronger effects on the translation
of mitochondrial glycine tRNA synthetase (GRS7), which ini-
tiates from a UUG start codon, with a ~30-fold reduction
observed upon substituting the native context, A ;-A ,-A_;-
UUG, with the poor context, C_;-G_,-C_,-UUG. Again, sub-
stitutions at position —3 had the strongest effects, whereas nt
+4 was ineffectual. In fact, this switch in context produced a
~5-fold change in expression with an AUG start codon at
GRS1, even though single-base deviations from the consensus
had only small effects (31). Thus, sequence context regulates
initiation efficiency in yeast, with an A at position —3 confer-
ring the greatest stimulation, but the dynamic range of context
effects is smaller in yeast than in mammals for AUG start
codons. The importance of an A at position —3 in both yeast
and mammals suggests that this residue makes a conserved
interaction with an initiation factor or ribosomal constituent
near the ribosomal E site to stabilize the 48S PIC. As discussed
below, the a subunit of elF2 is one candidate for this factor
(172).

Not surprisingly, the replacement of the AUG start codon
with other triplets confers a dramatic reduction in translational
efficiency both in vitro and in cells, although, as noted above,
the extent of the reduction depends on the sequence context
(31). Most single-base substitutions of AUG to “near-cognate”
triplets function at frequencies of ~1 to 10% of AUG, depend-
ing on the gene and the study, except for the AAG and AGG
purine substitutions at the second position, which are essen-
tially nonfunctional (39, 99, 162). The yeast genes ALAI and
GRSI (mentioned above) use UUG or ACG codons upstream
of an in-frame AUG to produce longer, mitochondrial forms of
their gene products. Interestingly, a genome-wide analysis of
80S ribosome occupancies of yeast mRNA sequences uncov-
ered evidence of the translation of 143 uORFs initiating with
near-cognate triplets, which, except for AAG-, AGG-, or
ACG-initiated uORFs, appear to be translated at levels com-
parable to those of AUG-initiated uORFs. Interestingly, it
appeared that the levels of translation of these non-AUG
uORFs (nAuORFs) generally increased relative to levels of
the downstream coding sequences, and could even exceed the
latter, under conditions of amino acid starvation (88). How-
ever, an analysis of translation rates of lacZ fusions made to
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two such nAuORFs in GCN4 mRNA confirmed the translation
of only one of the two, which occurs in an optimal sequence
context, and suggested that its translational efficiency relative
to that of GCN4 coding sequences was much lower than ex-
pected from the ribosome occupancy data, and it did not in-
crease substantially under starvation conditions (231). It is also
unclear why other near-cognate triplets in an optimal context
in the leader of GCN4 mRNA, and presumably many other
genes, were not detectably translated in vivo (88). Results from
a separate study suggested that nucleotides besides the critical
—3 position significantly affect initiation from certain near-
cognate triplets (30).

The strong bias for A bases in yeast 5'UTRs indicates a low
structurogenic potential, and indeed, there are few yeast
mRNA leaders genome-wide that are predicted to fold into
stable secondary structures (122). Consistent with this, trans-
lation in yeast is inhibited more effectively than in mammalian
cells by structures of lower stability (2, 17, 35). Increasing the
length of the 5'UTR, in one case by ~1,700 nt, had little effect
on translational efficiency in yeast (17, 22, 37), implying that
scanning is not rate limiting when the 5'UTR lacks a stable
secondary structure. A similar conclusion was made for mam-
malian extracts, wherein increasing the leader length without
introducing structure was found to increase the translational
efficiency, and this was attributed to the ability to preload the
5'UTR with multiple scanning PICs (107).

On the other hand, a shortening of the 5’UTR to 21 nt or
less reduced the translational efficiency of yeast PGKI mRNA
by 50% (214), and related observations made for reporter
mRNAs in mammalian extracts indicated that the recognition
of the 5'-proximal AUG codon was inefficient when located
too close to the cap and that an AUG further downstream was
utilized instead (115). The inefficiency of translation from start
codons located 1 to 2 nt from the cap has been exploited in
yeast to permit the translation of multiple proteins from the
same mRNA initiated from either the cap-proximal AUG (in-
efficiently) or the next AUG by ribosomes that skip the first
AUG (63, 144, 195). For MOD5 mRNA, leaky scanning of the
5'-proximal AUG is dictated by both a short leader length and
a suboptimal sequence context (195). A leader length of <15
nt is expected to produce a 48S PIC complex in which the
m’G cap will be situated in the mRNA exit channel, and the
exit channel will not be fully engaged by nucleotides 5" of
the AUG (Fig. 2B). As discussed below, eIF1 destabilizes
48S PICs with this “abnormality” in vitro (167).

To summarize, mRNAs translated with high efficiencies,
both in yeast and in mammals, are expected to contain a
5'UTR of ~32 nt or more; to be devoid of stable secondary
structure, extra AUG codons, and near-cognate triplets in an
optimum sequence context; and to contain a favorable context
surrounding the functional AUG start codon. The requirement
for an optimal context can be mitigated by the presence of a
stable secondary structure located 3’ of the start codon, with
the strongest stimulation of translation occurring when the
base of the stem-loop is 14 nt 3" of the AUG. As this spacing
corresponds to the length of the A site and mRNA entry
channel of the ribosome (Fig. 2), the stem-loop is likely stalling
the scanning 43S PIC with the AUG positioned in the P site
(105).

Although it is generally considered that scanning is unidi-
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rectional, there is intriguing evidence that the process can be
punctuated by periodic “backwards excursions” of ~15 nt or
less in the 3'-to-5" direction. It was found that a second AUG
located within this interval 3’ to the first AUG in turnip yellow
mosaic virus (TYMV) mRNA reduced initiation at the latter,
provided that the first AUG occurred in a suboptimal context
that allowed for leaky scanning. It was suggested that a fraction
of ribosomes that leaky scan the first AUG get a second chance
to encounter it during backwards scanning, but this possibility
is reduced if they traverse a second AUG with a favorable
context during the backwards excursion (136).

Kozak showed that the first-AUG rule can also be violated
in mammalian cells when a uOREF is located a considerable
distance upstream from the coding sequences and provided
evidence that ribosomes can resume scanning after translating
the uORF and reinitiate downstream if they have sufficient
time to reassemble a 43S PIC before reaching the next start
codon. The reinitiation efficiency increased with increasing dis-
tance between the stop codon of the uORF and the down-
stream AUG and reached a plateau at a separation of ~80 nt
(106). This principle underlies the translational control of yeast
GCN4 mRNA by multiple uORFs, with the added feature that
the scanning distance/time required to recover reinitiation
competency is increased under amino acid starvation condi-
tions. Because this mechanism represents an intricate example
of how the rules of scanning can be exploited to regulate
translation and is frequently employed as an in vivo reporter of
the rate of TC recruitment, the rate of scanning, or leaky
scanning of AUG codons, it is worth mentioning here in some
detail.

According to the current model (Fig. 3A), ribosomes scan-
ning from the cap translate the first of four uUORFs (WORF1),
and ~50% of the posttermination 40S subunits remain at-
tached to the mRNA and resume scanning. Under nonstarva-
tion conditions, essentially all of these scanning 40S subunits
rebind the TC; reinitiate at uORF2, uORF3, or uORF4; and
then dissociate from the mRNA and fail to translate the GCN4
ORF. The ability of ribosomes to resume scanning following
uORFT1 translation, and their inability to do so after translating
uORFs 2 to 4, is dictated by distinct sequences surrounding the
uOREF stop codons. In amino-acid-starved cells, the o subunit
of elF2 (elF2a) is phosphorylated by the kinase Gen2, con-
verting eIF2 into a competitive inhibitor of its guanine nucle-
otide exchange factor (GEF), eIF2B, and thus impeding the
reassembly of the TC after each round of initiation (Fig. 1).
Because of the reduced TC concentration, ~50% of the 40S
subunits scanning from uORF1 now reach uORF4 before re-
binding TC and, lacking Met-tRNAM®', bypass the AUGs at
uORFs 2, 3, and 4. Most of these ribosomes rebind the TC
before reaching the GCN4 AUG and reinitiate there instead
(Fig. 3A). Thus, a reduction of TC levels induces GCN4 trans-
lation by allowing a fraction of scanning 40S subunits to bypass
the inhibitory uORFs 2 to 4. Key support for this model comes
from the finding that progressively increasing the separation
between uORF1 to uORF4 progressively reduces GCN4 trans-
lation, presumably increasing the fraction of rescanning 40S
subunits that rebind the TC before reaching uORF4 (84).

It has been possible to identify mutations in yeast that affect
reinitiation or scanning by their impairment of GCN4 transla-
tion. Because GCN4 encodes a transcriptional activator of
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amino acid biosynthesis genes (84), such mutations reduce the
ability to grow under conditions of amino acid starvation im-
posed with inhibitors of biosynthetic enzymes (Gen™ pheno-
type). The first described Gen™ mutations impaired elF2a
phosphorylation, or eliminated the inhibition of eIF2B by
elF2(aP), and the attendant reduction in TC abundance (84).
However, there are multiple other defects that can produce
Gen™ phenotypes without a reduction in TC abundance (Fig.
3C). These include the leaky scanning of the uORF1 AUG
(uAUG]I) or the failure to retain 40S subunits after termina-
tion at the uORF1 stop codon, which eliminates the pool of
reinitiating 40S subunits capable of bypassing uORFs 2 to 4 at
low TC levels. Another possibility is a reduced rate of scanning
by reinitiating 40S subunits, which provides additional time to
rebind the TC by the reinitiating 40S subunits and prevent the
bypass of uORFs 2 to 4 at low TC levels. These mechanisms
can be distinguished by analyzing the expression of the solitary-
uORF1 GCN4-lacZ reporters depicted in Fig. 3C. Mutations
have also been obtained with the opposite phenotype, of con-
stitutively derepressing GCN4 translation, in the absence of
elF2 phosphorylation by Gen2, conferring a Ged™ phenotype.
Classical Ged™ mutations reduce the recycling of eIF2 by
elF2B or otherwise impair TC assembly by eIF2; however, this
phenotype can also arise from mutations that reduce the rate
of TC loading onto 40S subunits at normal TC concentrations,
such that a fraction of reinitiating 40S subunits fail to recover
the TC until after bypassing uORFs 2 to 4 (Fig. 3B) (84).

Interestingly, a mechanism fundamentally similar to that
governing GCN4 translation operates in mammalian cells to
regulate the translation of ATF4 (78, 215) and ATF5 (232),
which, like GCN4, encode b-ZIP transcription factors that
stimulate the transcription of stress-responsive genes. Al-
though there are only two uORFs rather than four, the 5'-
proximal uOREF is permissive for reinitiation, and the second
uOREF, which is not permissive for rescanning, must be located
an appropriate distance downstream from uORF1. A differ-
ence is that the second uORF is considerably longer and over-
laps the ATF4/ATF5 start codon, which likely reflects observa-
tions that short uORFs are more permissive for reinitiation in
mammalian cells than in yeast cells. Having a longer second
uORF that overlaps the ATF4/ATF5 AUG codon can be ex-
pected to effectively eliminate reinitiation following its trans-
lation (92). In fact, the translational control of GCN4 in yeast
can be maintained with only uORFs 1 and 4 and with a simi-
larly elongated version of uORF4 (84).

GENETIC IDENTIFICATION OF FACTORS INVOLVED
IN ACCURATE AUG SELECTION

The Anticodon of tRNA}*' Is a Critical Determinant of
AUG Selection during Scanning

Genetic experiments by Donahue et al. first proved that the
Ac of tRNAM! plays an essential role in start codon recogni-
tion in yeast (36), by showing that overproducing mutant
tRNAM®t containing a UCC versus a UAC Ac restored the
expression of a his4 allele with AGG (but not other triplets) in
place of the AUG start codon. The introduction of an extra
AGG upstream of the AGG start site abolished his4 expres-
sion, indicating that the upstream AGG was recognized pref-
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FIG. 3. Schematic model of GCN4 translational control and mechanisms of Ged™ and Gen™ mutations. (A) Following the translation of uORF1
(boxed 1), posttermination 40S subunits remain attached to the GCN4 mRNA and resume scanning. Under nonstarvation conditions (left), they quickly
rebind the TC and reinitiate at uORF4 (boxed 4), and the 80S ribosome dissociates after terminating at uORF4. Under amino acid starvation conditions
(right), the concentration of the TC is reduced by elF2a phosphorylation, such that many 40S ribosomes fail to rebind the TC until scanning past uORF4
and can reinitiate at the GCN4 ORF instead. (B) GCN4 translation is normally constitutively repressed in gen2A cells owing to the inability to
phosphorylate eIF2« in response to starvation. However, mutations that reduce the rate of TC loading on 40S subunits, such as substitutions in the eIF1A
SE elements (eIF1A-SE™) (see text for details), constitutively derepress GCN4 translation, producing the Ged™ phenotype. (C, left) Defects in different
steps of reinitiation pictured here all prevent the induction of GCN# translation in starved cells despite the reduction in TC levels, conferring the Gen™
phenotype. Mechanisms of Gen™ phenotypes can be discerned by analyzing the expression of the solitary uORF1 constructs depicted on the right. Gen™
mutations that confer slow scanning should increase reinitiation at GCN4 for construct I, in which uORF1 is very close to the GCN4 uOREF, by increasing
the scanning time available for the reassembly of the PIC, but have little effect on construct II, in which uORF1 is far upstream of GCN4, and the scanning
time available for reinitiation is long. Gen™ mutations that confer the release of posttermination 40S subunits or reduce their ability to resume scanning
will reduce the expression of constructs I and II. Gen™ mutations that confer a leaky scanning of uORF1 will increase expression from construct III, in
which uORF1 is elongated and extensively overlaps the GCN4 OREF, abolishing reinitiation.

erentially by the mutant tRNAMUCCY) 4 hallmark of linear
scanning. Similar results were obtained with mammalian cells
(60) and also with a mammalian cell-free system reconstituted
with purified ribosomes and initiation factors by using the

toeprint assay to locate the 48S PIC (128). Thus, perfect base
pairing between the initiator tRNA Ac and the start codon,
regardless of the exact sequence of the resulting duplex, is
crucial for efficient formation of the 48S PIC.
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Kinetic and thermodynamic analyses of TC binding to 40S
subunits in vitro suggest that the rate and stability of base
pairing between the Ac of tRNAM<' and the start codon are
critical determinants of initiation efficiency in yeast. TC bind-
ing to the PIC was measured with a reconstituted yeast system
containing 40S subunits, eIF1, eIF1A, TC, and a model, short
(45-nt) unstructured and uncapped mRNA with a centrally
located AUG or non-AUG triplet (In this system, referred to
below as the “basic” reconstituted yeast system, 48S PIC as-
sembly likely begins with the random collision of the TC with
the 43S - mRNA complex. It was found that all substitutions in
the second or third position of AUG, as well as the CUG
substitution, dramatically reduced the affinity of the TC for the
43S - mRNA complex, primarily by decreasing the on rate of
the reaction by ~100- to 1,000-fold. Consistent with results
cited above, a wild-type (WT) rate of binding was restored for
the CUG start codon by using the complementary mutant
tRNAMUCAS) jnitiator. A kinetic model was developed, in
which the dramatically lower rate of binding observed for the
codon-Ac mismatches reflects a strong decrease in the rate of
a conformational change that occurs following the initial, dif-
fusion-limited encounter of the TC with the PIC and takes
place rapidly only with AUG, UUG, or GUG start codons.
While the UUG and GUG mismatches have relatively little
effect on the TC on rate, they increase the off rate (as do all
mismatches from AUG) and elevate the predicted K, (disso-
ciation constant) (k,g/k,,) by ~10-fold. The range of K, values
for TC binding in these reactions roughly parallels the relative
efficiencies of reporter mRNA translation with different near-
cognate start codons in yeast cells, suggesting that the stability
of the codon-Ac duplex is a key factor determining the prob-
ability of start codon selection in vivo, when the TC is sampling
triplets as they enter the P site of the scanning PIC. However,
other constraints are needed to account for the fact that ACG,
AUA, and AUU were utilized only slightly less efficiently than
UUG, CUG, and GUG, and for the complete inefficacy of
AGG, in reporter translation in cells (99).

elF1, elF5, and the Three Subunits of eIF2 All Participate
in Stringent AUG Recognition

An early breakthrough in the identification of initiation fac-
tors involved in AUG recognition also came from Donahue et
al. using yeast genetics. Those workers isolated mutations that
restored the expression of his4 alleles with a non-AUG start
codon by enabling translation to initiate more efficiently at the
third, UUG codon of the his4 ORF, reestablishing growth in
histidine-free medium (Fig. 4). Such Sui~ (suppressor of ini-
tiation codon mutant) mutations were obtained for each of the
three subunits of elF2, elF5, and elF1, which increased the
ratio of initiation at a UUG versus an AUG present at the first
codon of HIS4 by roughly an order of magnitude. These find-
ings not only implicated these factors in stringent AUG selec-
tion but, as described next, also provided insights into their
molecular functions in the process (54, 226).

Biochemical analysis revealed that the G31R substitution in
elF5 produced by the Sui™ mutation SUIS increases the ability
of eIFS5 to stimulate GTP hydrolysis by the TC in a minimal
PIC reconstituted with only 40S subunits, TC, AUG, and elF5,
i.e., stimulating its GAP function, consistent with the domi-
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FIG. 4. Scheme for identifying Sui~ and Ssu™ mutations in yeast.
See the text for details.

nance of its Sui~ phenotype in vivo. Analysis of the mutant
elF2 holoproteins containing a Sui~ substitution in eIF2f
(S264Y, encoded by SUI3-2) and elF2y (N135K, encoded by
the SUI4 allele of GCD11) showed that the mutations increase
the intrinsic (eIF5-independent) GTPase activity of eIF2 and
elevate levels of Met-tRNAM®! dissociation from eIF2 in the
absence of GTP hydrolysis, respectively (86). These findings
suggested that inappropriate selections of UUG start codons
could be enhanced by increasing the rate of GTP hydrolysis by
the TC, or by enabling the release of Met-tRNAM®* from
elF2-GTP to the P site without GTP hydrolysis, without a
perfect AUG-Ac match. The effects of Sui™ mutations affect-
ing elF1 (encoded by SUII) were not analyzed until much
later, but the fact that they are recessive to WT SUII (226)
suggested that the loss of an eIF1 function enables non-AUG
selection, which fits with the current model that the dissocia-
tion of eIF1 from the PIC is required for AUG selection.

elF1 PROMOTES SCANNING, IMPEDES GTP
HYDROLYSIS BY THE TC, AND PREVENTS
TIGHT BINDING OF Met-tRNAM* TO THE
P SITE AT NON-AUG CODONS

elF1 Mediates Gated Release of P; from eIF2-GDP - P, upon
AUG Recognition

Biochemical analysis of eIF1 and eIF5 using the basic yeast
reconstituted system described above fundamentally altered
our understanding of how AUG recognition regulates GTP
hydrolysis by eIF2. Lorsch and colleagues found that fluores-
cently tagged derivatives of elF1 and eIF1A exhibit fluores-
cence resonance energy transfer (FRET) in 43S PICs and that
the FRET decays in a two-phase reaction upon the addition of
mRNA and the formation of 48S complexes. The rapid phase
was assigned to a conformational change that increases the
separation between fluorophores, while the slower phase re-
flects the dissociation of eIF1 from the PIC. Both phases occur
more rapidly, or proceed further to completion, with AUG
than with non-AUG start codons in the mRNA, demonstrating
that AUG recognition triggers the elF1 dissociation from the
PIC (132). When the 43S - mRNA complexes were reconsti-
tuted with eIF5, to stimulate GTP hydrolysis by the TC, a
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proportion of the GTP was hydrolyzed even with non-AUG
start codons, but the P; was released from elF2-GDP - P, very
slowly for non-AUG complexes versus AUG complexes. Fur-
thermore, the presence of AUG evoked P; release at a rate
essentially identical to that of the eIF1 dissociation, and an
eIF1 mutation (G107R) that retards its dissociation from AUG
complexes similarly delayed the P; release (5, 132). These find-
ings indicated that the release of P; from eIF2-GDP - P; is a
critical step in AUG recognition and that P; release is triggered
by the elimination of eIF1 from the PIC.

The notion that eIF1 is a “gatekeeper” that must be released
from the scanning PIC is consonant with genetic findings that
the overexpression of elF1 suppresses the increased UUG
initiation in SUIS5 (eIF5) or SUI3-2 (eIF2B) Sui™ mutants (70,
212). It was envisioned that elevated eIF1 concentrations will
shift the equilibrium between 40S-bound and free eIF1 toward
the bound state and thereby reduce the rate of P, release from
elF2-GDP - P;. This explanation assumes that P; release does
not occur instantaneously upon the eIF1 dissociation, such that
the reassociation of eIF1 can restore the original configuration
of the scanning complex. Furthermore, biochemical analyses of
various Sui~ eIF1 mutants revealed reduced eIF1 occupancies
in native 40S subunits in vivo and a reduced affinity for 40S
subunits in the basic yeast reconstituted system. Importantly,
one such mutant (with alanine substitutions at residues 93 to
97) dissociates more rapidly than WT elIF1 from PICs recon-
stituted with a UUG- or AUG-containing mRNA (32). The
overexpression of such elF1 variants (referred to below as
“class I” mutants) diminishes their Sui~ phenotypes in vivo, as
expected if their inappropriate release from scanning PICs at
UUG codons can be prevented at higher concentrations of the
mutant proteins. Thus, the accelerated dissociation of elF1
from the PIC at UUGs represents a straightforward mecha-
nism for the Sui~ phenotypes of class I eIF1 mutants.

A biochemical analysis of eIF1 in the mammalian reconsti-
tuted system by Pestova and colleagues provided evidence that
elF1 additionally restrains the GAP function of eIF5 at non-
AUGs (210), an activity that would reduce the formation of
elF2-GDP - P; in addition to blocking P; release in the scanning
complex. Indeed, as noted above, eIF2-GTP exists in equilibrium
with eIF2-GDP - P; in yeast PICs reconstituted with eIF5 (5), and
the enhanced GAP function and GAP-independent GTPase ac-
tivity of eIF2 conferred by the SUI5 and SUI3-2 mutations of eIF5
and elF2p, respectively, suggest that a shift of the equilibrium
from eIF2-GTP to elF2-GDP - P; can produce inappropriate P;
release at non-AUG codons.

elF1 Promotes an Open, Scanning-Conducive
Conformation of the PIC

The notion that eIF1 acts to block start codon recognition
had been proposed independently by Pestova et al. based on
the biochemical activities of mammalian eIF1 in fully recon-
stituted 48S PICs. Using the toeprint assay, those authors
found that eIF1 and elF1A, in addition to TC, elF3, elF4A,
elF4B, eIF4F, and ATP, are required to form 48S complexes at
the AUG codon of native B-globin mRNA. In the absence of
elFs 1 and 1A, an unstable complex was formed near the 5’
end at the expense of correctly positioned 48S complexes
(165), consistent with a defect in scanning from the cap. Re-

MicroBioL. MoL. BioL. REv.

markably, using an artificial uncapped mRNA with an unstruc-
tured 5'UTR, 48S assembly at the AUG could occur in the
absence of ATP and the elF4 factors, in a manner requiring
elF1, eIF1A, elF3, and the TC, whereas eIF3 and the TC were
sufficient when the AUG was very close to the 5’ end. These
findings implied that eIF1 and eIF1A promote a conformation
of the 40S subunit that is capable of 5'-to-3' linear scanning,
without ATP hydrolysis, provided that no stable secondary
structure occurs in the leader (167).

With unstructured mRNA, eIF1 was not required for appre-
ciable 48S assembly at the AUG if eIF4F was provided; how-
ever, an increased selection of both near-cognate triplets and
AUGs in a suboptimal context or located too close (4 nt) to the
cap occurred when elF1 was omitted (167). Thus, eIF1 was
required to restrict start codon selection to AUGs in an opti-
mal context, in accordance with its gatekeeper function de-
duced from studies of yeast. Indeed, yeast eIF1 can replace
mammalian eIF1 in the reconstituted system, and several Sui ™~
yeast eIF1 mutants are defective in promoting scanning on
B-globin mRNA and blocking initiation at near-cognate trip-
lets or 5'-proximal AUGs (32). As these scanning assays were
conducted without eIF5, the role of elF1 in discriminating
against near-cognate triplets or poor context must be indepen-
dent of its roles in gated P; release or restraining the eIF5 GAP
function. It was suggested that these functions of eIF1 are
derived from its ability to promote an “open” conformation of
the 40S subunit, in which the positions of mRNA and initiator
tRNA on the ribosome are conducive to scanning but incom-
patible with start codon selection (167).

Further evidence that eIF1 acts to block the selection of
suboptimal start codons came from the mapping of the binding
site of mammalian elF1 on the 40S subunit using directed
hydroxyl radical cleavage of 18S rRNA by elIF1 proteins de-
rivatized with Fe(II) at unique surface-exposed cysteines. This
analysis predicted binding near the P site on the platform
region of the 40S subunit, similar to that determined previously
for bacterial initiation factor 3 (IF3) on the 30S subunit (127).
This prediction was confirmed with the recent crystal structure
of a Tetrahymena 40S - eIF1 complex (178). IF3 in bacteria is
known to destabilize the binding of noncognate tRNAs in the
P site and to discriminate against 5'-proximal AUGs of lead-
erless mRNAs. Indeed, IF3 mutations increase non-AUG ini-
tiation in the manner observed for eIF1 Sui~ mutations in
yeast, and the overexpression of IF3 in bacteria inhibits non-
AUG initiation, analogous to the effect of eIF1 overexpression
in yeast mentioned above (references 128 and 177 and refer-
ences therein). Thus, it was proposed that eIF1 antagonizes the
codon-Ac interaction in the P site in a manner that is overcome
efficiently only with a perfect AUG-Ac duplex, an optimal AUG
context, and a 5"UTR long enough to interact extensively with the
40S mRNA exit channel. These interactions would promote re-
arrangement into a stable conformation of initiator tRNA bind-
ing that is incompatible with scanning but competent for down-
stream steps in the pathway, most likely with the attendant release
of eIF1 from its 40S-binding site (127).

This proposal was strengthened by the demonstration that
elF1 can bind to bacterial 30S subunits at the same binding site
used by IF3 and can replace IF3 in destabilizing bacterial PICs
reconstituted with non-AUG codons. Furthermore, IF3 can
functionally replace elF1 in the mammalian reconstituted sys-
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FIG. 5. Cryo-EM model of the yeast eIF1 - eIF1A - 40S PIC. (A) Cryo-EM reconstructions of free 40S and the indicated complexes with eIF1
or eIF1A, which display moderately closed (apo-40S), open (40S-eIF1-eIF1A), or strongly closed (40S-eIF1A) conformations of the mRNA entry
channel latch. (Reprinted from reference 159 with permission from Elsevier.) (B) The images in A have been annotated here with schematics of
the mRNA, eIF1A, eIF1, and the TC to summarize the biochemical findings (159) that the rate of TC binding is stimulated by both eIF1 and eIF1A
but that the TC is bound more tightly to the PIC in the absence of eIF1, which would prevail with the eIF1 dissociation upon AUG recognition.

tem, destabilizing 48S PICs formed with AUGs in poor context
or near-cognate triplets (128). These findings argue for a com-
mon mechanism of AUG selection in bacteria and eukaryotes
involving a conformational change in the 40S/30S subunit, in-
duced by eIF1/IF3 binding to the platform, that destabilizes
codon-Ac pairing and imposes a requirement for a perfect
Ac-AUG duplex.

Structural analysis of reconstituted yeast 40S PICs subse-
quently provided the first direct evidence that eIF1 promotes a
rearrangement of the 40S subunit that is conducive to scan-
ning. Cryo-electron microscopy (EM) reconstructions of yeast
apo-40S and 40S - eIF1A - eIF1 complexes revealed that
elF1A and elF1 stabilize an open conformation of the “latch”
of the mRNA entry channel. Moreover, the 40S - eIF1A com-
plex, which would mimic the PIC following AUG recognition
and elF1 dissociation, displays a more closed conformation of
the latch than that which occurs for apo-40S (Fig. 5A). It was
suggested that this open conformation of the latch, stabilized

by eIF1A and elF1, is conducive to scanning, whereas the latch
in the closed conformation would be “clamped down” on the
mRNA to arrest scanning and enable downstream steps to
proceed (159).

Release of eIF1 upon AUG Recognition Evokes Tighter
Binding of Met-tRNAM** to the PIC

As noted above, kinetic and thermodynamic analyses of the
basic yeast reconstituted system demonstrated that base pair-
ing with AUG evokes rapid and highly stable TC binding that
appears to reflect a dramatic acceleration of a first-order con-
formational transition in the PIC (99). Further analysis of such
reconstituted yeast PICs provided evidence that eIF1 dissoci-
ation is a key trigger of this structural rearrangement. Al-
though eIF1 and eIF1A collaborate to increase the rate of TC
recruitment, the affinity of the TC for the PIC is actually lower
in the presence of eIF1, owing to its greater stimulation of the



444 HINNEBUSCH

dissociation rate than the association rate of the TC. Hence, the
dissociation of elF1, elicited by AUG-Ac pairing, should evoke
tighter TC binding to the PIC (159). In this view, the TC binds to
the 40S subunit in the open conformation (stabilized by eIF1A
and elF1) in a configuration that enables the transient inspection
of successive triplets entering the P site during scanning, whereas
AUG-Ac pairing and the attendant dissociation of eIF1 enables
the TC to bind more tightly to the P site (Fig. 5B).

Consistent with this model, various eIF1 class I Sui~ mu-
tants, which dissociate more rapidly than WT eIF1 from the
40S subunit, confer increased rates and affinity of TC binding
to the PIC in vitro. In contrast, two eIF1 mutants with basic Arg
or Lys substitutions of residue G107 dissociate more slowly
from the PIC and exhibit decreased rates and affinity of TC
binding (32, 145). Presumably, the latter variants, here dubbed
“class II” mutants, function effectively in the first step of TC
binding to the open complex but then perform poorly in the
second, isomerization step by impeding the transition to the
closed complex. In contrast, class I eIF1 mutants accelerate
the isomerization reaction by dissociating more rapidly from
the 40S subunit. Presumably, the 40S binding defects of the
class I mutants, which should slow down the initial binding of
the TC to the open conformation, have been suppressed at the
saturating concentrations of eIF1 used in these in vitro assays.

In vivo, both class I and class II eIF1 mutants constitutively
derepress GCN#4 translation, exhibiting the Ged™ phenotype
that signifies a defect in TC binding to the 40S subunit (Fig.
3B). The Ged™ phenotype of class I mutants is diminished
either by co-overexpressing elF2 subunits and tRNAM®' (to
increase the cellular concentration of the TC) or by overex-
pressing the mutant eIF1 proteins themselves (32, 145; P. Mar-
tin Marcos and A. G. Hinnebusch, unpublished data). These
outcomes are expected for such mutations that weaken 40S
binding by elIF1, because the reduced 40S occupancy of elF1
which they engender in vivo (32) will diminish eIF1 function in
stimulating TC loading onto the open conformation of the 40S
subunit, slowing the first step of TC binding. This defect can be
rescued by mass action with increased TC concentrations or by
restoring the high-level 40S occupancy of elF1 by its overex-
pression. In contrast, the Ged™ phenotype of the class II sub-
stitution G107R is not suppressed by the overexpression of the
TC or mutant eIF1 (32, 145; Martin Marcos and Hinnebusch,
unpublished), consistent with the notion that class IT mutations
impede elF1 dissociation and thereby delay the second,
isomerization step of TC binding.

As noted above, the Sui~ phenotypes of class I eIF1 mutants
can be rationalized by their higher-than-WT rates of dissocia-
tion from the PIC. Unexpectedly, the class II G107R and
G107K (G107R/K) mutants, which dissociate more slowly
from the PIC, also confer Sui~ phenotypes in vivo. The solu-
tion to this paradox seems to be that the G107R/K mutants
dissociate more slowly, and retard P; release, only at AUG
codons and, hence, reduce the rate of initiation at AUG with-
out a commensurate reduction at UUG codons. The class I
elF1 mutations, in contrast, increase the UUG-to-AUG initi-
ation ratio primarily by elevating UUG initiation levels. These
predictions were supported by the differential effects of class I
and class II mutations on the translational efficiencies of lucif-
erase mRNAs with AUG or UUG start codons in mutant
extracts. This model can also explain why the Sui~ phenotypes
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of class II eIF1 mutants are not suppressed by their overex-
pression, which should not correct the inability to dissociate
rapidly at AUG (145). The fact that G107R/K mutants dis-
criminate specifically against AUG suggests that eIF1 partici-
pates in evaluating the codon-Ac match in the P site and that
these substitutions disrupt the recognition or response to a
perfect AUG-Ac duplex.

In summary, the analysis of eIF1 suggests that it has multiple
functions in the assembly of the PIC, scanning, and AUG
recognition. It acts with eIF1A to stabilize an open conforma-
tion of the 40S subunit that is conducive to TC recruitment and
scanning but incompatible with tight initiator tRNA binding to
the P site. eIF1 also restrains the GAP function of eIF5 and
impedes P; release from elF2-GDP - P; in the scanning com-
plex. The dissociation of eIF1 upon AUG recognition stabilizes
the closed conformation of the 40S subunit, evoking a cessa-
tion of scanning, the completion of GTP hydrolysis with P;
release, and a more stable binding of initiator tRNA to the P
site (Fig. 6).

Structural Determinants of elF1 Interactions and Roles in
Start Codon Recognition

elF1 interacts directly with both the 40S subunit and three
other elFs in the MFC, and these interactions have been
mapped to patches of residues exposed on different surfaces of
the protein. eIF1’s functions in start codon recognition could
involve contributions from some or all of these interactions.
The crystal structure of the Tetrahymena 40S - eIF1 complex
(178) confirmed the previous prediction that basic residues in
helix a1 and the B1-B2 loop of elF1 interact with residues in
helix 44 (h44) and h24 of 18S rRNA in the platform region of
the 40S subunit (127). It would be expected that the elimina-
tion of these residues would impair eIF1 binding to the 40S
subunit and confer a Sui~ phenotype in yeast cells. In fact, the
Ala substitution of all 5 basic residues of al (the —M5 muta-
tion) (Fig. 7) is lethal and impairs 40S binding by eIF1 in vivo
but does not confer a dominant Sui~ phenotype. The latter
finding might be explained by the fact that —MJ5 impairs elF1
binding to the ¢/NIP1 subunit of eIF3 and blocks eIF1 incor-
poration into the MFC, rendering it unable to compete with
WT eIF1 at the stage of PIC assembly (180).

The Ala substitution of residues 93 to 97, which alters hy-
drophobic residues in the C terminus of a2 (Fig. 7), reduces
the 40S binding of eIF1 and confers a strong Sui~ phenotype
(32), but because a2 lies on a solvent-exposed surface in the
40S - eIF1 complex, it likely impairs 40S binding indirectly.
The adjacent basic residues in the “KH” (basic-hydrophobic)
surface might functionally cooperate with the hydrophobic res-
idues in a2, as their replacement with Gln residues (mutation
—M4) (Fig. 7) also reduces 40S binding and, while lethal,
confers a dominant Sui~ phenotype. As these basic residues
mediate eIF1 binding to the N-terminal domain (NTD) of
elF2B (180), perhaps eIF1 binding to eIF23 helps to anchor
the TC in a scanning-conducive conformation, and the disrup-
tion of the interaction enables a shift to the closed conforma-
tion at UUG codons. The KH region basic residues also me-
diate eIF1 binding to the eIF5 C-terminal domain (CTD), and
it was proposed that this interaction is instrumental in coupling
elF1 dissociation from the PIC to AUG recognition (180).
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FIG. 6. Schematic model depicting the structural rearrangements
of the PIC thought to occur in the transition from the open confor-
mation to the closed conformation upon AUG recognition. (Top) The
presence of elF1 and eIF1A on the 40S subunit stabilizes the open,
scanning-conducive conformation of the PIC with an open conforma-
tion of the mRNA entry channel latch. TC binding is relatively unsta-
ble but in a configuration that allows the base-by-base inspection of the
5'UTR by Met-tRNAM¢ in the P site. The GTP in the TC of a fraction
of scanning complexes is hydrolyzed to eIF2:-GDP - P,, catalyzed by the
N-terminal (GAP) domain of eIF5 (5N), but P; release is blocked by
elF1. eIF1 maintains its association with the eIF5 CTD (5C), an in-
teraction involved in stabilizing the yeast MFC. (Middle) AUG-Ac
pairing evokes elF1 dissociation from the 40S platform, and this enables
isomerization to the closed conformation (Bottom), with the mRNA entry
channel latch clamped on the mRNA. The absence of elF1 in this state
also enables tighter binding of TC to the P site and the completion of GTP
hydrolysis and dissocation of P; from eIF2:GDP - P;. It was proposed that
the absence of elF1 allows the eIF5 NTD to switch partners from the G
domain of elF2y to a 40S location that might overlap with the elF1-
binding site, enabling the eIF5 NTD interaction with eIF1A in a manner
that stabilizes the closed conformation. eIF3 and the eIF4 group of factors
were omitted from this diagram for simplicity. (Reproduced from refer-
ence 145 with permission from Elsevier.)

However, as 93-97 was shown to accelerate elF1 dissociation
from basic yeast reconstituted 48S PICs lacking eIF5 and eIF3
(32), neither of eIF1’s interactions with these other MFC con-
stituents can account completely for the role of helix a2 in
triggering elF1 release upon AUG recognition. Interestingly,
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the class II eIF1 substitutions G107R/K introduce an addi-
tional basic residue into the KH region and (as noted above)
impede elF1 dissociation specifically at AUG codons. It was
suggested that by strengthening the association of the eIF1 KH
region with the eIF2B NTD or the 40S subunit, the G107K/R
substitutions lead to an inappropriate retention of eIF1 in the
48S PIC (145), but this by itself would not account for the
AUG specificity of the defect.

The unstructured N-terminal tail (NTT) of eIF1 is dispens-
able for yeast viability, but its removal or alteration reduces
elF1 binding to the eIF2B NTD and eIF5 CTD in vitro and
confers a Ged™ phenotype in vivo. The Ged™ defect of an Ala
substitution of residues 9 to 12 is suppressed by the overexpres-
sion of the TC, suggesting a reduced rate of TC recruitment,
which was confirmed by experiments with the basic yeast recon-
stituted system (32). The Ged™ phenotype of other NTT muta-
tions (—M1, —M2, and —M3) (Fig. 7) was not suppressed, how-
ever, suggesting a defect in AUG recognition at uORFs 2 to 4 by
scanning PICs that have already recruited the TC (180). As the
latter mutations do not produce a Sui~ phenotype, they appar-
ently confer leaky scanning equally at AUG or UUG codons.

Rabl et al. (178) predicted that eIF1 residues in the loop
between B1 and B2 are close enough to the mRNA-binding
channel to monitor the quality of the codon-Ac duplex. How
the recognition of a perfect match signals the dissociation of
elF1 from the 40S platform is an interesting question. Those
authors further predicted a clash of eIF1 with the acceptor and
D stems of initiator tRNA, which could provide a physical basis
for the fact that eIF1 release upon AUG recognition stabilizes
initiator tRNA binding to the P site (159). This would also fit
with other results, described above and below, indicating that
initiator tRNA does not bind deeply in the P site in the open
conformation of the PIC.

elF1 Autoregulates Translation by Discriminating against
Poor AUG Context

Consistent with its role in discriminating against non-AUG
start codons, bacterial IF3 negatively autoregulates its translation
by blocking the utilization of the near-cognate AUU triplet that
serves as its start codon (25, 26). It was noticed that all genes
encoding elF1 in eukaryotes contain an AUG in a poor context
(140), and Ivanov et al. demonstrated that the overexpression of
elF1 in mammalian cells negatively regulates eIF1 expression in a
manner dependent on the poor context of its start codon while
having little effect on a mutant eIF1 gene altered to contain the
optimum “Kozak” consensus sequence. This provides in vivo ev-
idence that eIF1 destabilizes the PIC at AUG codons in a sub-
optimal context and that this activity is exploited to maintain eIF1
protein levels within strict limits (91). Presumably, the tight reg-
ulation of elF1 is important because its overexpression would
reduce initiation for the small fraction of genes with near-cognate
start codons and also the much larger proportion with AUG start
codons in a poor context.

EVIDENCE THAT eIF5 PROMOTES elF1 DISSOCIATION
AT START CODONS

The CTD of elF5 interacts with elF1, the elF3c/Nipl NTD,
and the eIF2p3 NTD to stabilize the yeast MFC, whereas the eIF5
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FIG. 7. Structure and functional domains of yeast eIF1. (Left) The amino acid sequences of the unstructured NTTs of yeast (y) and human (h)
elF1s are aligned and highlighted in green. The substitutions in —M1, —M2, and —M3 mutants of yeast eIF1 are shown below in red, which impair
the interaction of eIF1 with the eIF2B8 NTD and eIF5 CTD in vitro. (Right) Ribbon model of yeast eIF1 indicating the positions of the —M4, —MS5,
and 93-97 (32) as well as the location of the “KH” and “KR” areas. The effects of the —M5 mutation on the interaction of eIF1 with the eIF3c
NTD in vitro or native 40S subunits in vivo and of the —M4 mutation on eIF1 binding to the eIF28 NTD and the eIF5 CTD in vitro (180) are
summarized. The interaction of a1 and the B1-B2 loop with the 40S subunit is predicted from structural studies (127, 178). (Reproduced from

reference 180 with permission of the publisher.)

NTD harbors the GAP function (7). The substitution of Arg-15 in
elF5 destroys GAP function in basic reconstituted yeast PICs, and
the ability to rescue the growth of a fif5A yeast mutant, but does
not diminish the eIF5 interaction with recombinant eIF23 or eIF2
holoprotein. Hence, Arg-15 appears to impair the GAP catalytic
function rather than substrate binding (5, 44, 160). The eIF2-
GDP/elF5 complex is stabilized by aluminum fluoride (AlF,-), a
compound which, combined with GDP, acts as a structural mimic
of the transition state of the GTPase reaction (184), and it was
suggested that Arg-15 functions as an “Arg finger” that is inserted
into the GTP-binding pocket of eIF2y to stabilize the transition
state for GTP hydrolysis (160).

There is both biochemical and genetic evidence that the release
of eIF1 upon start codon recognition is stimulated by eIF5. The
addition of eIF5 to basic reconstituted yeast PICs increases the
normally low rate of eIF1 dissociation from the PIC at the near-
cognate triplet AUU but has little effect at AUG, where elF1
dissociates more rapidly. The extra eIF5 also suppressed the effect
of eIF1-G107K, which retards the eIF1 dissociation at AUG, by
accelerating the dissociation of this mutant eIF1 at both AUG
and AUU codons. The addition of eIF5 increased the rate and
extent of TC binding in reactions with eIF1-G107K but not with
WT elF1. These findings fit with the notion that eIF5 enhances
the second, isomerization step of TC binding by promoting the
eviction of elF1 from the PIC (145), identifying a role for eIF5 in
AUG recognition beyond its GAP function. Consistent with the
idea that eIF5 promotes the eIF1 dissociation, the overexpression
of eIF5 exacerbates the Sui~ phenotypes of eIF1 mutants (145,
212). The latter finding seems to imply that eIF5 has a dynamic
interaction with the scanning PIC and that higher concentrations
of the factor increase the proportion of scanning PICs in an
elF5-bound state that is more likely to release elF1 without a
perfect AUG-Ac match with initiator tRNA.

Interestingly, there is structural similarity between eIF1 and the

elF5 NTD (41, 71), raising the possibility that eIF5 and eIF1
might compete for binding to the 40S platform. Because eIF5-
dependent GTP hydrolysis in the TC occurs in the scanning com-
plex, the GAP domain of eIF5 undoubtedly interacts with the
GTP-binding pocket of eIF2vy in the open complex. Nanda et al.
speculated that the eIF5 GAP domain might have to dissociate
from elF2y to allow P; release from GDP - P; and that the eIF1
dissociation upon AUG recognition would facilitate this rear-
rangement by allowing the eIF5 NTD to bind in place of eIF1 on
the 40S platform in a manner stabilized by eIF5’s interaction with
elF1A (Fig. 6). This would account for the finding that eIF5 can
stimulate the eIF1 dissociation and overcome elF1’s destabilizing
effect on TC binding (145). An attractive feature of this model is
that it provides a mechanism for the coupling of P; release to eIF1
dissociation, as there is currently no evidence that eIF1 can in-
teract with the eIF2y G domain and block P; release directly. It
also provides a mechanism for the demonstrated role of an
elF1A-elFS5 interaction in stabilizing the closed 40S conformation
(131), by preventing the rebinding of eIF1 to the platform. (More
about this eIF1A-eIF5 interaction is presented below.) However,
there is no evidence as yet that the eIF5 NTD binds to the 40S
subunit, and so eIF5 might promote the eIF1 dissociation by a less
direct mechanism.

elF1A PLAYS A DIRECT ROLE IN SCANNING
AND AUG RECOGNITION FROM THE
A SITE OF THE 40S SUBUNIT

Unstructured Tails of eIF1A Differentially Modulate Distinct
Conformations of the 40S Subunit and Modes
of Initiator tRNA Binding

Although eIF1A cooperates with eIF1 to promote scanning
in mammalian reconstituted PICs (165) and to stabilize an
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FIG. 8. Model depicting the opposite functions of the unstructured tails of eIF1A in modulating the conformational rearrangement of the PIC
and distinct modes of TC binding to the open and closed states. The SE elements in the eI[F1A CTT (shown in green) stabilize the open
conformation of the PIC and the “P,,,” mode of TC binding, which is compatible with scanning at non-AUG codons. The SEs also block the full
P-site accommodation of initiator tRNA in the “P;,” mode required for start codon selection. eIF1 performs the same functions as the SE elements.
The SI elements in the NTT and helical domain of eIF1A (both shown in red) function oppositely and destabilize the open conformation and the
P, mode of TC binding, thus promoting the closed conformation and P;, mode of initiator tRNA binding at AUG codons. Both the dissociation
of eIF1 from the 40S subunit and the eviction of the SEs from the P site stabilize the closed conformation and tighter TC binding afforded by the

P, state.

open conformation of the mRNA entry channel of the yeast
40S subunit (159), no Sui- mutations affecting eIF1A were
isolated by Donahue et al. However, the directed mutagenesis
of the yeast eIF1A gene (TIF11) revealed that residues in its
unstructured C-terminal tail (CTT) are critically required for
stringent AUG selection. A Sui~ phenotype was observed
upon the deletion of the entire CTT plus a portion of the
C-terminal helical domain by the AC mutation, and this trun-
cation (of residues 108 to 153) also impaired the ability of yeast
elF1A to replace human eIF1A to promote scanning and block
initiation at a near-cognate triplet in vitro (69). The scanning-
promoting function was localized to two 10-amino-acid (aa)
direct repeats in the CTT, dubbed scanning enhancer 1 (SE,)
and SE,. The SEs contain pairs of Phe residues as critical
constituents (F121 and F123, and F131 and F133) and were
shown to function redundantly to block UUG initiation in vivo.
While the elimination of all four Phe residues is lethal, a
mutant that retains only F131 grows poorly and displays a very
high UUG-to-AUG initiation ratio, close to unity (70, 183). It
was proposed that the SE elements stabilize the open, scanning
conformation of the PIC (Fig. 8) so that their inactivation
permits an inappropriate rearrangement to the closed confor-
mation at UUGs.

Remarkably, mutations affecting the unstructured NTT of
elF1A have the opposite effect and suppress the elevated levels
of UUG initiation conferred by various Sui~ mutations, the
Ssu™ (suppressor of sui) phenotype (Fig. 4), including Sui~ SE
substitutions of elF1A itself, the SUI3-2 mutation of elF2,
and the SUI5 mutation of eIF5 (70, 183). NTT substitutions
also increase the leaky scanning of uUAUGI1 in GCN4 mRNA
(Fig. 3C, III) (70), leading to the proposal that they disrupt a
scanning inhibitor (SI) function that is required to arrest scan-

ning at AUG or (in Sui- mutants) UUG codons alike. As
might be expected, the lethality associated with the inactivation
of both SE elements is also suppressed by an Ssu™ substitution
in the eIF1A SI element (Ala substitution of NTT residues 17
to 21). Thus, the SI element appears to stabilize the closed
conformation of the PIC (Fig. 8) such that its inactivation
increases the probability of rearrangement to the eIF1-stabi-
lized open conformation and thereby suppresses initiation at
UUG codons. Interestingly, eIF1A substitutions that weaken
the packing of structured portions of the NTT and CTT against
helix a2 have the same genetic properties as substitutions in
the SI element in the unstructured portion of the NTT, sug-
gesting that the SI function also depends on the integrity of the
helical domain of eIF1A (183).

Several lines of biochemical evidence support the conclusion
that SE and SI mutations in eIF1A stabilize the closed and
open conformations of the PIC, respectively. First, as noted
above, AC removes both SEs and impairs scanning in mam-
malian fully reconstituted PICs (69). Second, SE and SI sub-
stitutions have opposite effects on 40S-60S subunit joining in
vitro. elF1 and elF1A synergistically impede subunit joining,
consistent with the idea that the open 40S conformation, pro-
moted by these factors, is incapable of subunit joining (3). The
inactivation of both SEs increases the rate of subunit joining,
and this effect is suppressed by SI mutations in the NTT (17-
21) or the Cstrand of the helical domain, as expected if SE and
SI elements stabilize the open and closed conformations, re-
spectively (183).

A third line of evidence supporting this model is that SE and
SI mutations have opposite effects on the affinity of eIF1A for
the PIC and on the rotational freedom of the eIF1A C termi-
nus, as determined by measuring the anisotropy of elF1A
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C-terminally tagged with fluorescein in basic yeast reconsti-
tuted PICs harboring eIF5. The rotational freedom and rate of
elF1A dissociation are both lower in WT PICs reconstituted
with AUG than in PICs reconstituted with non-AUG codons,
depending on the presence of eIF5, and these differential ef-
fects are diminished, or even reversed, by the Sui™ mutations
SUIS5 in elF5 and AC in elF1A. This finding suggested that
elF1A and elF5 interact functionally upon AUG recognition
in a way that reduces the flexibility of the eIF1IA CTT and
strengthens eIF1A binding to the PIC. The latter is manifested
as an increase in amplitude, or a decrease in the rate constant,
of the slower phase of the biphasic eIF1A dissociation kinetics,
and the two kinetic phases were postulated to represent the
partitioning of PICs between the open and closed conforma-
tions (131). In contrast to the Sui~ SUI5 and AC mutations,
which appear to favor the closed conformation, the Ssu™ sub-
stitutions at residues 17 to 21 and 7 to 11 in the NTT weaken
elF1A binding and increase the mobility of the CTT in both
AUG and UUG complexes. Thus, these SI mutations appear
to stabilize the open conformation of the PIC regardless of the
P-site codon (70). These findings imply that eIF5 functionally
interacts with eIF1A to stabilize the closed conformation of the
PIC, identifying another non-GAP function for eIF5 in start
codon recognition.

A fourth line of evidence that SI mutations stabilize the
open conformation is that they decrease the rate of eIF1 dis-
sociation from basic reconstituted PICs. Employing the “loss-
of-FRET” assay described above to measure the rapid confor-
mational change that increases separation between eIF1A and
elF1 and the subsequent, slower dissociation of eIF1 (132), it
was found that the Ssu™ substitution at residues 17 to 21
reduces both phases of the reaction for AUG or UUG com-
plexes, favoring the elF1-bound, open conformation of the
PIC, which is opposite of the effect produced by the Sui~
substitution at residues 93 to 97 of eIF1 (32).

A final line of evidence supporting the model is that SE and
SI mutations have opposite effects on the rate of TC binding to
PICs. Substitutions of the SEs reduce the rate of TC loading,
and this defect is diminished by SI mutations in the NTT or C
strand, which on their own confer higher-than-WT rates of TC
binding in vitro. The same relationships seem to occur in vivo,
as the SE mutations derepress GCN4 translation in a manner
suppressed by the overexpression of TC components, and this
Gced™ phenotype is diminished by SI mutations (183). As the
TC binds to the open conformation stabilized by eIFs 1 and 1A
(159) (Fig. 5B), it was proposed that SE mutations reduce the
rate of the initial, second-order step of TC loading by desta-
bilizing the open conformation of the PIC, whereas SI muta-
tions accelerate TC binding by stabilizing the open conforma-
tion (Fig. 8). This model can also explain the ability of SI
mutations to suppress the Sui~ defects of SE mutations, by
stabilizing the open conformation and blocking inappropriate
rearrangements to the closed conformation at UUG codons.

Interestingly, in contrast to SI mutations, the overexpression
of WT elF1 suppresses the Sui~ but not the Ged™ phenotype
of SE mutations, which suggests that the SE elements promote
TC binding by a second mechanism besides the stabilization of
the open 40S conformation, as the latter should be accom-
plished effectively by eIF1 overexpression. It was proposed that
the direct binding of the SEs to tRNAM®' might specifically
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stabilize the scanning mode of TC binding that prevails only in
the open complex, dubbed the “P,,,” configuration, in which
initiator tRNA is not fully engaged with the P site. This func-
tion of the SEs would be antagonized by the SI elements to
enable a rearrangement to the more stable mode of TC bind-
ing, with initiator tRNA inserted deeply into the P site, dubbed
the “P,,” state, when AUG enters the P site (Fig. 8) (183).

The eIF1A Tails Interact Directly with the P Site

The notion that the eIF1IA CTT (where the SE elements
reside) acts to stabilize the open conformation and impede
initiator tRNA binding deep in the P site was proposed inde-
pendently by Pestova and colleagues from results of directed
hydroxyl radical mapping of eIF1A in reconstituted mamma-
lian 43S complexes. The globular OB domain of eIF1A (18)
was mapped to the A site, analogous to the location of its
bacterial homolog IF1. Interestingly, the results predicted that
the CTT extends out into the P site, threading under the
Met-tRNAM®t in a manner that would obstruct the binding of
the initiator tRNA anticodon-stem-loop (ASL) in the canoni-
cal location in bacterial 70S elongation complexes (Fig. 9),
analogous to the P, state envisioned by Saini et al. (183).
Accordingly, the AUG-Ac interaction in the closed complex
would likely require the ejection of the eIF1A CTT from the P
site (228). In fact, the ejection of the CTT was proposed pre-
viously (70), based on its physical displacement from eIF1 in
the PIC (132) and its functional interaction with eIF5 (131)
upon AUG recognition. Thus, the SEs in the eIF1IA CTT
might sterically block the “P;,” mode of TC binding in the
closed complex in addition to stabilizing the “P_ " state of the
open complex. This idea is attractive because SE mutations
would then facilitate the open-to-closed transition at UUGs
(conferring Sui~ phenotypes) in two ways: by destabilizing P,
(183) and also by removing a steric impediment to P;, (228)
(Fig. 8).

Interestingly, the docking model derived by Pestova et al. for
mammalian eIF1A binding to the 40S subunit (228) shows that
the helical domain is oriented toward the head and P site and
in contact with h31, creating a bridge over the mRNA-binding
channel in the A site (Fig. 9B). This is consistent with the
closed conformation of the mRNA entry channel latch seen for
the cryo-EM model of the yeast 40S - eIF1A complex (Fig. 5SA)
and with the proposed (SI) function of stabilizing the closed
complex ascribed to the helical domain of yeast eIF1A (183).
The NTT is predicted to contact the Ac loop of initiator tRNA
and mRNA (228), which means that its SI function in stabiliz-
ing the P;, configuration of initiator tRNA binding might be
exerted directly.

In summary, the analysis of eIF1A suggests that it has mul-
tiple functions in the assembly of the PIC, scanning and AUG
recognition, executed by its N- and C-terminal tails and helical
domain. The SE elements in the CTT act with eIF1 to stabilize
an open conformation of the 40S subunit conducive to scan-
ning and a mode of TC binding that blocks the full accommo-
dation of initiator tRNA in the P site. The SI elements in the
NTT and helical domain stabilize a closed conformation of the
40S subunit incompatible with scanning, and they promote
elF1 dissociation, eIF1A’s interaction with eIF5, and the ejec-
tion of the SEs to permit the full accommodation of initiator
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FIG. 9. Model of the 48S PIC containing bound elIF1, eIF1A, mRNA, and initiator tRNA. The model is based on directed hydroxyl radical
mapping of mammalian eIF1 (127) and eIF1A (228) on 40S subunits and the crystal structure of bacterial 70S elongation complexes containing
mRNA and P-site tRNA. The orientation of the tRNA and its location deep in the P site shown here might differ significantly from the eukaryotic
scanning 43S or 48S PICs. The image in B is rotated 90° clockwise about the vertical axis from that in A, and the ribosomal protein S13/RpS18e
in the head is not shown because it blocks the view of the eIF1A CTT. Ribbon representations of eIF1 are shown in lilac, and the eIF1A domains
are shown in blue (OB fold), red (helical domain), green (NTT), and yellow (CTT). mRNA (gold) and tRNA (copper) are shown in the bottom
panel only. (Reproduced from reference 228 by permission of Oxford University Press.)

tRNA in the P site. It can be envisioned that these two states
exist in equilibrium in the scanning PIC, enabling the transient
sampling of successive codons as they enter the P site, and that
the closed conformation is locked in by a perfect AUG-Ac
duplex in a favorable sequence context.

The NTT, a2 helical domain, and CTT of eIF1A (18) are all
lacking in its bacterial counterpart IF1 (27). The archaeal or-
tholog (alF1A) lacks only the C strand and unstructured CTT,
and archaea resemble bacteria in using the Shine-Dalgarno
(SD) sequence upstream of the start codon to recruit the 30S
subunit (49, 129). Thus, SD-facilitated AUG selection appears
to be correlated with the absence of SE elements, consistent
with their stimulatory role in scanning. Considering that ar-
chaea resemble eukaryotes in recruiting initiator tRNA in a
TC with alF2-GTP (163), the NTT and helical domains in
alF1A might play a role in promoting TC binding in the P;,
state. Recent in vitro findings suggest that bacterial IF1 acts to
stabilize a 30S conformation that is incompatible with subunit
joining, which can be overcome by a favorable SD sequence
(138). Thus, IF1 carries out a function ascribed to the SEs, of

stabilizing a small-subunit conformation incompatible with
subunit joining. Accordingly, a region of the OB fold, the main
structural element shared between eIF1A and IF1, could aug-
ment this aspect of SE function in eukaryotes (183).

INITIATOR tRNA AND 18S rRNA RESIDUES INVOLVED
IN AUG RECOGNITION

In addition to its Ac, initiator tRNA contains other highly
conserved residues not present in elongator tRNAs that could
participate in stringent AUG selection (133), notably the three
consecutive G-+ C base pairs in the ASL, G29-C41,
G30 - C40, and G31 - C39. In bacteria, there is evidence that
these base pairs, as well as the Ac loop bases, are required for
the IF3-mediated stabilization of PICs formed with Met-
tRNAM®! versus elongator tRNAs in the P site (79). Interest-
ingly, residues G1338 and A1339 in 16S rRNA are poised to
make direct, “A-minor” interactions with the minor grooves of
the first and second G - C base pairs of the initiator tRNA ASL
(102, 188), and it was proposed that these interactions would
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be optimal for consecutive G - C base pairs and would stabilize
Met-tRNAM<* binding following an IF3-induced conforma-
tional change in the rRNA (43). Supporting this hypothesis, all
substitutions in G1338 and A1339, except G1338A (which
would preserve the A-minor interaction by this base) destabi-
lized Met-tRNAM! binding to the bacterial 30S subunit in
vitro. However, because other tRNAs with G - C base pairs at
the first and second positions of the ASL also are relatively
more resistant to IF3-mediated ejection from the 30S subunit,
it was speculated that an IF3-induced shift of A-minor inter-
actions from G29 - C41/G30 - C40 to G30 - C40/G31 - C39
could occur, which would be possible only for initiator tRNA
with its three consecutive G - C base pairs (120).

Presumably, the rejection of noninitiator tRNAs is not rel-
evant in eukaryotes, because elF2 specifically transfers Met-
tRNAMet to the PIC. However, A-minor interactions of
G1338/A1339 with the ASL G - C base pairs could still serve to
stabilize initiator tRNA binding in the P site. Consistent with
this idea, the change of the first and third G - C base pairs in
the yeast initiator tRNA ASL to their identities in elongator
tRNAM< ie., A29 - U41 and U31 - U39, eliminates the strong
stabilizing effect of AUG on TC binding to basic reconstituted
yeast PICs (95). In addition, in the fully reconstituted mam-
malian system, the alteration of the identities of two or all
three of the G - C base pairs led to the formation of 48S PICs
that could be destabilized by eIF1 (or bacterial IF3) following
elF5-stimulated GTP hydrolysis in the TC (128). Presumably,
elF1 could reject the mutant tRNAs only after their attach-
ment to eIF2 was severed by GTP hydrolysis. Surprisingly, the
A29 - U4l and U31 - U39 replacements in the ASL do not
have a strong effect on yeast cell growth (216), although they
were crucial for the ability of elongator tRNAYM®! to function
during initiation in yeast mutants lacking initiator tRNA (16),
and they reduced translation in mammalian cell extracts when
introduced into human initiator tRNA (59). Thus, it seems that
the G - C identities of the three conserved ASL base pairs
enhance initiation but are not essential for the stability of
eukaryotic 48S PICs.

Supporting the possibility that the 18S residues correspond-
ing to G1338 and A1339 make A-minor interactions with the
ASL G - C base pairs of eukaryotic initiator tRNA, the mu-
tagenesis of episomal ribosomal DNA (rDNA) in a yeast strain
lacking the chromosomal rDNA array showed that nearly all
substitutions of these residues (G1575 and A1576) are lethal
and produce dominant Ged™ phenotypes and leaky scanning
of GCN4 uAUGI in cells coexpressing TRNA from a WT
rDNA episome, consistent with defective 48S PIC assembly or
AUG recognition in vivo. In contrast, the equivalent of the
G1338A substitution, which should preserve A-minor interac-
tions, is viable and confers only a weak Ged™ phenotype (56).
Thus, A-minor interactions with the ASL are likely important
for initiation in yeast even though there is flexibility in the
identities of the base pairs that serve as receptors of the bases
G1575 and A1576. This flexibility is consistent with thermody-
namic data indicating that the stabilities of A-minor interac-
tions vary relatively little among the four Watson-Crick (W-C)
base pairs as receptors (19, 51).

Other conserved residues in eukaryotic initiator tRNA in-
clude A54 and A60 in the T loop, and substitutions with the
cognate elongator residues (A54U and A60C) were found to
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suppress the deleterious effect of the U31 - U39 replacement
of the third ASL G - C base pair upon TC binding in vitro (95).
It was suggested that the A54 and A60 replacements could
lower the energy barrier to a structural rearrangement of ini-
tiator tRNA necessary for its full accommodation in the P site
and thereby compensate for the destabilizing effect of the
U31 - U39 replacement on the 48S PIC (95).

An N°-threonylcarbamoyl modification of A37 (t6A37) of
initiator tRNA, immediately adjacent to the Ac triplet, is
thought to stabilize the first base pair of the codon-Ac duplex
for ANN or UNN codons (4), which includes the decoding of
AUG by initiator tRNA. Consistent with this, the inactivation
or elimination of yeast proteins that catalyze t6A37 formation,
including Sua5 (65, 125) and subunits of the EKC/KEOPS
complex, Kael and Pccl (46, 200), evokes phenotypes indicat-
ing an impaired recognition of AUG start codons. These in-
clude a general decrease in the initiation rate, a derepression
of GCN4 mRNA translation independent of eIF2a phosphor-
ylation (Gcd™ phenotype), increased leaky scanning of GCN4
uAUG]I, and (for kael and pccl mutants) synthetic lethality
with a mutation in the eIF5 GAP domain (K55E) that also
impairs the initiation rate and increases leaky scanning. The
fact that the overexpression of the TC did not suppress the
leaky-scanning phenotype of the Sua5 depletion is consistent
with a failure of initiator tRNA, assembled in the scanning
PIC, to stably base pair with GCN4 uAUG1 (125). This mech-
anism can account for the original identification of sua5 mu-
tations as suppressors of the inhibitory effect of an upstream
uORF introduced into CYCI mRNA (143, 171). Interestingly,
kael mutations also increase the ratio of GUG to AUG initi-
ation from matched luciferase reporters (64), which can be
rationalized by the proposal that the absence of t6A37 does not
further impair the recognition of near-cognate triplets with
mismatches in the first base pair and thus reduces initiation
from AUG but not GUG (nor, presumably, UUG or CUG)
codons. This would be akin to the class II Sui” mutations in
elF1 that increase the UUG-to-AUG ratio by selectively de-
creasing AUG recognition (145).

A random selection for Ged™ mutants of 18S rRNA identi-
fied substitutions in helix 28 (h28) that impair TC binding to
40S subunits. Various substitutions that perturb the location or
identity of the “bulge” residue in h28 appear to reduce TC
binding during reinitiation on GCN4 mRNA and enable the
leaky scanning of the GCN4 uORFs during primary initiation
events. One such nonlethal mutation, A1152U (corresponding
to A928U in 16S rRNA) reduced the rate and stability of TC
binding to the mutant 40S subunits in vitro (56). Interestingly,
bulge G in h28 contacts the +1 position of the P-site codon
(residue A of AUG) in crystal structures of bacterial 70S elon-
gation complexes (102, 188). Directed substitutions in 18S res-
idues corresponding to C1400 and G1401 in 16S rRNA, which
also contact the AUG in 70S complexes, confer dominant
Gced™ and recessive-lethal phenotypes (Fig. 10). Thus, various
P-site residues whose counterparts contact tRNA or mRNA in
bacterial elongation complexes likely play an important role in
eukaryotic PICs to stabilize initiator tRNA binding to the
AUG (56).

A substitution in 18S rRNA (A1193U), corresponding to a
residue in the h31 loop of 16S rRNA (A968), located directly
below the codon-Ac duplex in bacterial 70S complexes, was
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FIG. 10. Substitution of 18S rRNA residues predicted to contact the P-site tRNA or P-site codon in elongating 80S ribosomes confers a
phenotype indicating impaired TC binding to the scanning 43S PIC. Shown is the disposition of the bulge G926 of h28 (lilac in panels A and B)
and various other 16S rRNA residues that contact the P-site codon or tRNA in a crystal structure of a bacterial 70S complex with mRNA and P-site
tRNA. Substitutions of the corresponding residues in yeast 18S rRNA are lethal or confer an Slg™ phenotype and in most cases also evoke a
dominant Ged™ phenotype (detected in cells also expressing wild-type 18S rRNA), indicating less stable TC binding to the scanning PIC. (Modified
from reference 56 with permission of Cold Spring Harbor Laboratory Press.)

shown to increase the leaky scanning of GCN4 uAUG1 and
suppress the His™ phenotype of SUI3-2, possibly indicating an
Ssu™ phenotype. This substitution and another with similar
phenotypes in a residue (G875) corresponding to 16S rRNA
residue A663 in h22 reduce the binding of multiple eIFs to native 40S
subunits and impair the recruitment of Met-tRNAM*' to 40S
subunits in cell extracts. It was proposed that both mutations
destabilize Met-tRNAM¢! binding to AUG in the closed com-
plex either directly (A1193U) or indirectly by reducing the 40S
association of elFs that promote TC binding (G875A) (148).

STRUCTURAL DETERMINANTS OF STRINGENT AUG
SELECTION IN SUBUNITS OF elF2

Sui™ Substitutions in elF2y Increase UUG Initiation by
Perturbing Initiator tRNA Binding to elF2

As noted above, elF2 plays a central role in AUG recogni-
tion because it anchors Met-tRNAM®* to the 40S subunit, and
the hydrolysis of GTP releases Met-tRNAM®* from eIF2-GDP
into the P site. As the GTPase activity of eIF2 is very low in the
absence of ribosomes, even with eIF5 present (5), AUG rec-
ognition is likely dependent on structural features in eIF2 that

couple its GTPase activity to interactions with the 40S subunit
or elFs besides eIF5. eIF2 might also contribute to the differ-
ent modes of Met-tRNAMe* binding to the P site that are
thought to characterize the open and closed conformations of
the PIC (Fig. 8). Current models for the structure of the TC
are based on crystal structures of archaeal orthologs of the
elF2 subunits. This is reasonable because there is considerable
sequence conservation between the archaeal and eukaryotic
orthologs throughout their lengths, except that eIF23 harbors
a sizeable N-terminal extension missing in archaea. Consis-
tently, this segment of eIF2B mediates interactions of eIF2
with elF5 and the catalytic subunit of elF2B, both of which
lack recognizable archaeal counterparts (12, 45, 121).
Confirming predictions made from the sequence homology
of eIF2vy to elongation factor EF-Tu (74, 76), crystal structures
of alF2vy revealed three domains highly similar to the G do-
main and domains II and IIT of EF-Tu, including the guanine
nucleotide-binding pocket in the G domain (185). In the bac-
terial EF-Tu/GDPNP/Phe-tRNA"" complex, the switch 1
(swl) and switch 2 (sw2) regions contact the y-phosphate, and
in the (hydrolyzed) GDP-bound structure, they adopt a
“switch-off” conformation, with domain II disengaged from the
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FIG. 11. Interfaces between subunits of archaeal alF2 and docking tRNA on alF2y. (A) Model of Phe-tRNA (in a stick figure) docked onto
the S. solfataricus alF2ay heterodimer. alF2vy residues corresponding to those in yeast eIF2+y implicated in tRNA binding by the Sui™ substitutions
Y142H and G397A are circled. See the text for more details. (Reproduced from reference 223 with slight modifications, with permission from
Elsevier.) (B and C) Segments of alF2a, alF2y, and aIF2 at the subunit interfaces of the S. solfataricus heterotrimer of full-length 8 and v subunits
and domain III of alF2«. Residues are labeled with a prefix (a, b, or g) indicating their subunit origin (a, B, or y). (B) Helix a1 in alF2 is wedged
between two helices in the G domain of alF2y. The aIF2p residue corresponding to the yeast Sui~ substitution Y131 is circled. (C) swl in the G
domain interacts directly with residues in the ZBD of alF2@ and with domain II of alF2y. The ZBD also contacts the ribose ring of the bound
GDP (shown in a stick figure). Several ZBD residues near the interface with swl are immediately adjacent to residues corresponding to yeast eIF23
residues altered by Sui™ substitutions that confer increased GTP hydrolysis by the TC. (Panels B and C are reproduced from reference 224 with
slight modifications, with permission of the publisher [copyright 2007 National Academy of Sciences, U.S.A.].)

G domain. All known structures of apo-, GDP- or GDPNP-
bound alF2v, in contrast, display a close packing of domain II
with the G domain, and the switch regions do not exhibit
marked conformational differences (186, 203). Nevertheless, in
the structure of an alF2a/y-GDPNP heterodimer, the switch
regions are apparently closer to the positions that they occupy
in the EF-Tu/GDPNP/Phe-tRNA’" complex than in previous
alF2y structures, prompting Schmitt et al. to propose a model
of Met-tRNAM®* docking to alF2y (Fig. 11A). In this model,

the “movement” of swl evoked by GTP opens a channel be-
tween the G domain and domain II that accommodates the
methionine and terminal A76 base at the acceptor end of the
tRNA, with a conserved Tyr in swl (Y51 in Sulfolobus solfa-
taricus) stacking against the methionine (223). This subtle
movement of swl would presumably enable the positive inter-
actions with methionine that distinguish the GTP- from the
GDP-bound states of alF2/elF2, deduced from biochemical
analyses of eIF2 (96).
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Consistent with this model, the substitution of the residue in
yeast elF2y corresponding to alF2 Y51 by the ged11-YI142H
mutation (Fig. 11A) confers a strong initiation defect and
Gced™ phenotype, both suppressible by the overproduction of
tRNAM¢" (66, 77), and a marked Sui~ phenotype (57). More-
over, purified eIF2 containing the gcdl1-Y142H subunit shows
reduced Met-tRNAM! binding but normal off rates for GDP
and GTP (66). The archaeal docking model also predicts a
reduced affinity for Met-tRNAM<' produced by other Sui~
Ged™ substitutions (57), including G397A (equivalent of A296
in domain II of alF2y [Fig. 11A]), predicted to contact A76 of
initiator tRNA, and R510H (equivalent of R406 in domain III
[Fig. 11A]), predicted to contact the T stem of initiator tRNA
(223). Thus, the Sui~ phenotypes of these substitutions could
arise from the inappropriate release of initiator tRNA from
elF2-GTP at UUG codons, as described above for the lethal,
dominant Sui~ allele ged11-N135K (SUI4) that destabilizes
Met-tRNAM® binding to elF2-GTP in vitro (86). Indeed,
N135K alters a residue in the portion of swl that interacts with
domain II residues predicted to participate in the binding of
A76 of initiator tRNA.

A nonlethal Asp substitution of Asn-135 of yeast elF2y
likewise confers Sui~ and Ged™ phenotypes and destabilizes
Met-tRNAM® binding to elF2-GTP in vitro. Interestingly,
Alone and Dever found that the A208V substitution in sw2 can
suppress both the Ged™ and Sui~ phenotypes and restore
Met-tRNAM! binding by the eIF2-GTP mutant containing the
N135D substitution (6), which supports the model that an
elevated rate of Met-tRNAM®' dissociation from elF2-GTP
can produce a Sui~ phenotype (86). A different suppressor
mutation, A382V in domain II, also restored Met-tRNAM<!
binding in vitro, but the N135D A382V double mutant still
displayed both Ged™ and Sui~ phenotypes in vivo, and the
latter phenotype was suppressed by the overexpression of eIF1.
To explain these unexpected findings, it was proposed that
A382V restores the Met-tRNAM¢'-binding pocket, but the ini-
tiator tRNA is abnormally anchored to eIF2+y in a manner that
perturbs its binding to the P site and evokes elF1 dissociation
at UUG codons (6). A third suppressor of N135D, the A219T
substitution in the G domain, destabilizes Met-tRNAM®' bind-
ing to eIF2-GTP on its own but surprisingly does not produce
a Sui- phenotype. It was proposed that A219T additionally
confers an Ssu~ defect that compensates for its destabilizing
effect on TC binding, and consistent with this, A219T sup-
presses the Sui~ phenotype of the N135D A382V double sub-
stitution. It was suggested that A219T causes initiator tRNA to
bind in an orientation that restricts the rearrangement to the
closed conformation of the PIC (6). These findings are note-
worthy in suggesting that the alteration of residues of the G
domain or domain II of eIF2vy can alter the fidelity of AUG
recognition by affecting the conformation of initiator tRNA
binding to the P site.

Substitutions in eIF23 Increase UUG Initiation by
Increasing GTP Hydrolysis by the TC

Numerous dominant Sui~ substitutions have been isolated
in elF2B, which alter conserved residues in the Zn-binding
domain (ZBD) of this protein (29, 55). As noted above, the
Sui~ substitutions S264Y (SUI3-2) and L254P (SUI3-40) in-
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crease elF5-independent GTP hydrolysis in vitro, and S264Y
also increases the dissociation of Met-tRNAM®' from elF2-
GTP in the manner described above for Sui~ mutations in
elF2y. It was proposed that the increased GTP hydrolysis
increases the probability that eIF2-GDP dissociates and leaves
Met-tRNAM® base paired with UUG codons, as a way to
account for their Sui~ phenotypes (86). In the current para-
digm (Fig. 6), a shift of the equilibrium toward GDP - P; in the
scanning complex could drive P; release at UUGs by mass
action.

Based on the crystal structure of an alF2By-GDP complex
(196), the mechanism of these Sui~ mutations seemed myste-
rious because the ZBD is projecting into the solvent, far from
the G domain in alF2y. However, a subsequent alF2oBy-
GDP structure (containing only domain III of alF2« that an-
chors it to alF2y) revealed a completely different orientation,
in which the ZBD interacts with swl and the GDP ribose ring
in the G domain and the central /B domain of alF2f extends
into the solvent instead (224) (Fig. 11C). The latter structure is
attractive because it places ZBD residues corresponding to
those altered by Sui™ substitutions in eIF2@ in proximity to the
GTP-binding pocket (e.g., K118 and A132 [Fig. 11C]), where
they could act directly to inhibit GTP hydrolysis. Interestingly,
the structure of heterotrimeric alF2 from a different archaecon
showed yet another orientation of the ZBD and o/B domains
of alF2p relative to alF2v, although here also the ZBD inter-
acts with the G domain (203).

All of the different heterodimeric and heterotrimeric alF2
structures have in common that the major contact between
and vy subunits involves the wedging of N-terminal helix a1 of
alF2pB between the a4 and a6 helices of the G domain, in a
manner involving the stacking of invariant Tyr residues of
alF2B ol and alF2y a4 (Fig. 11B). This helix in alF2p corre-
sponds to a segment of yeast eIF2p (aa 128 to 159) found to be
necessary and sufficient for eIF2y binding, and Ala substitu-
tions of the conserved Tyr-131 and Ser-132 residues in this
domain, corresponding to one of the key Tyr residues men-
tioned above, impaired binding to eIF2vy in vitro and the inter-
action of elF2B with the eIlF2ya dimer in vivo (81). Impor-
tantly, this SUI3-YS allele conferred Ts™ and Sui~ phenotypes
and was synthetically lethal with the Sui~ SUI3-5264Y allele,
consistent with the possibility that SUI3-YS elevates levels of
GTPase activity. This fits with the idea that the binding of the
elF2B ZBD to elF2y mediates the inhibition of GTPase activ-
ity, although as the relevant Tyr in alF23 a1 also interacts with
the QNIKE motif in alF2y (196), which contacts the guanine
base, SUI3-YS might influence GTP hydrolysis more directly.

Both the mammalian eIF2 holocomplex and the B subunit
can bind mRNA (reviewed in references 85 and 209), and
mRNA binding by yeast eIF2B in vitro was found to require
three runs of 7 to 8 Lys residues (K boxes) in the NTD of
elF2B. While the deletion of all three K boxes is lethal, SUI3
alleles retaining any single K box are viable, and interestingly,
the removal of K boxes 1 and 2 abolished the Sui~ phenotype
of the SUI3-S264Y allele (121). Perhaps, the K-box mutations
destabilize 48S PICs formed at UUG codons by eliminating the
elF2B-mRNA contact. Alternatively, they might reduce inter-
actions between elF2 and eIF5, which also depends on the K
boxes (12), and thereby suppress the increased GTP hydrolysis
displayed by mutant TCs formed with SUI3-S264Y (86).
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The functional significance of the extreme conformational
flexibility of the ZBD and o/f domains of the B subunit ob-
served for the different alF2 crystal structures cited above
remains unclear. One interesting possibility prompted by the
structural similarity between elF2f and the eIF5 NTD (the
GAP domain) is that the flexible eIF23 ZBD might be dis-
placed from the G domain by the analogous ZBD in elF5 as a
means of stimulating GTP hydrolysis. As elF5 lacks the al
helix that anchors alF2p tightly to alF2y, eIF5 would be teth-
ered stably to eIF2 by the interaction of its CTD with the
elF23 NTD (12). Considering that an equilibrium between
GTP and GDP plus P; exists in the scanning PIC before AUG
recognition (5), the competition for binding the G domain
could be highly dynamic and might be shifted in favor of eIF5
by Sui~ substitutions in eIF2B. eIF1 also shows structural sim-
ilarity to the o/ domains in alF2@ and eIFS5, leading to the
suggestion that eIF1’s o/ domain might compete with that in
elF2B for binding to the G domain (41); however, this now
seems less likely, considering that the ZBD, and not the o/B
domain, of alF2@ contacts the G domain in recent crystal
structures of heterotrimeric alF2 (203, 224). As discussed
above, the /B domains of eIF5 and eIF1 might compete for a
binding site on the 40S platform in a way that regulates eIF1
dissociation upon AUG recognition (Fig. 6) (145).

Roles of elF2« in Initiator tRNA Binding and Recognition
of the Start Codon Context

The three-dimensional (3D) structures of archaeal and hu-
man elF2as (90, 153) indicate the presence of three distinct
domains. The C-terminal domain (domain III) interacts di-
rectly with domain II of the vy subunit (Fig. 11), near the
proposed binding pocket for methionine and A76 of initiator
tRNA (223). The N-terminal domain (domain I) of alF2«
contains a (-barrel, with nonspecific RNA-binding activity
(225), and interacts with the central, helical domain (domain
II) through a hydrophobic core. In the heterotrimeric alF2
structure, domains I and II of alF2a make no contacts with
other alF2 subunits, and their orientation relative to domain
III is highly variable among published structures (203). In vitro
assays suggest that the association with alF2a domain III in-
creases the affinity of alF2y for Met-tRNAM®* by orders of
magnitude, whereas the B subunit makes only a small contri-
bution to tRNA binding by alF2y (223, 225). The docking
model discussed above features no direct contacts between
alF2a and tRNA, and it was envisioned that the a subunit
stimulates Met-tRNAM®' binding indirectly by promoting the
proper conformation of the tRNA-binding pocket in alF2y
(223). A very different docking model has been proposed, in
which alF2« also interacts with initiator tRNA and contributes
directly to the binding energy (152).

In eukaryotes, only a moderate contribution of elF2a to
Met-tRNAM®' was indicated by the fact that a viable yeast
strain could be engineered to lack eIF2a, and in vitro analyses
of the elF2B/y dimer showed a reduction in the affinity for
Met-tRNAM®! of no more than 5-fold (151). Thus, it appeared
that eIF2B makes a greater contribution than elF2a to Met-
tRNAM¢! binding. However, a recent study of Encephalitozoon
cuniculi eIF2 reconstituted from recombinant subunits showed
that the « and B subunits both greatly stimulate Met-tRNAMe
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binding in dimeric complexes with the vy subunit, but the ab-
sence of either one from the heterotrimeric complex only
slightly reduces binding. Thus, it seems that eIlF2« and eIF2p
each make strong, but largely redundant, contributions to Met-
tRNAM®! binding by eIF2vy, and it was suggested that each one
can stabilize the “on” configuration of the switch regions in
elF2y (146).

Two Sui~ mutations mapping to domain I of yeast e[F2a
have been described (P13S and V19F) (38), but their effects on
Met-tRNAM<! binding and GTP hydrolysis are unknown. How-
ever, there is biochemical evidence that eIF2a plays a direct
role in start codon recognition. In reconstituted mammalian
PICs, mRNAs with thio-U substitutions at position —3 were
cross-linked to elF2a and RpsSe (172), consistent with the
location of an RpsSe segment above the mRNA exit channel
(20, 178). Moreover, the replacement of eIF2 with the eIF2By
heterodimer reduced the efficiency of AUG recognition but
also diminished the effect of good context on 48S assembly
(172). Thus, eIF2a might mediate a key contribution of the —3
base to the tight binding of Met-tRNAM¢* at the AUG codon.

FUNCTIONS OF eIF3 SUBUNITS IN 43S ATTACHMENT,
SCANNING, AND START CODON RECOGNITION

The elF3 complex is a large complex of 13 nonidentical
subunits (a to m) in mammals and only 6 subunits (a, b, ¢, g, h,
and j) in budding yeast. A model of mammalian eIF3 binding
to the 40S subunit, derived from cryo-EM reconstructions of
complexes between elF3 and the hepatitis C virus IRES and
between the IRES and the 40S subunit (198), shows elIF3
binding primarily to the solvent side of the 40S subunit in the
vicinity of the exit (E) site (194). Consistent with this finding,
in reconstituted mammalian 48S PICs, mRNA replaced with
thio-U at position —14 was cross-linked to eIF3a and eIF3d,
locating them at the mRNA exit channel (173). The N-terminal
domain (NTD) of yeast eIF3a (a/Tif32), which promotes eIF3
binding to native 40S subunits, interacts with RpsOe (211) at
the exit channel (20, 178), and the a/Tif32 NTD functionally
interacts with sequences upstream of GCN4 uORF1 that appar-
ently must be situated near the exit channel pore to stimulate
reinitiation (206). Enzymatic footprinting and hydroxyl radical
cleavage by eIF3 in mammalian PICs suggest additional contacts
with h16 near the mRNA entry channel (173), and consistent with
this, the CTD of yeast a/Tif32 interacts with an rRNA segment
encompassing h16 to h18 (211), Rps2e, and Rps3e (33), all situ-
ated near the entry channel. Thus, there is increasing evidence
that eIF3 subunits are in proximity to the mRNA at both the entry
and exit channel openings on the solvent side of the 40S subunit.
This would be consistent with a direct role for eIF3 in stabilizing
the attachment of the 43S PIC to mRNA.

Supporting this last idea, various eIF3 subunits in mammals
(a, d, and g) and yeast (g) bind RNA in vitro (11, 15, 23, 42, 75,
94, 219), and oligonucleotides that bind to the 40S subunit
were shown to stabilize the association of mammalian elF3
(lacking the j subunit) with the 40S subunit in vitro (100).
Substitutions in conserved residues in the C-terminal region of
yeast eIF3a/Tif32 (the “KERR motif” and “box6”) impair the
binding of native mRNAs to 43S PICs in vivo without reducing
the 40S binding of the TC or any other 43S components (33).
Moreover, yeast elF3 dramatically stimulates 43S binding to
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capped mRNAs in vitro, being more critically required than
eIF4G (139). Consistent with the prediction that eIF3 extends
the mRNA exit channel (173), yeast eIF3 more strongly en-
hanced 43S binding to a model mRNA with a long leader
upstream of AUG (that would protrude from the exit channel)
than to one containing a short leader but a long 3’ extension
(that would protrude from the entry channel) (139). The
a/Tif32 KERR motif and box6 substitutions mentioned above
also confer Ssu~ phenotypes and reduce the efficiency of scan-
ning through a long 5"UTR in yeast cells. The box6 substitution
also impairs scanning through a stem-loop located far down-
stream from the 5’ end of a reporter mRNA (33). Considering
that the a/Tif32 CTD interacts directly with 40S structural
elements (h16 and Rps3e) that promote the open conforma-
tion of the mRNA channel latch (159), it was suggested that
these mutations might impair the opening of the latch, al-
though they could also reduce the function of a helicase at the
entry channel that removes the secondary structure ahead of
the scanning ribosome.

The C-terminal half of a/Tif32 belongs to a conserved het-
erotrimeric module within eIF3, containing the eIF3j subunit
(j/Herl in yeast) and the N-terminal RNA recognition motif
(RRM) domain of eIF3b/Prtl (b/RRM) (213). j/Hcrl pro-
motes the 40S binding of eIF3 in mammals (73, 100) and yeast
(67, 150, 213), and mammalian eIF3j can bind directly to 40
subunits (73) and mediate 40S binding by the b/RRM in vitro
(61). In addition, yeast j/Hcrl can interact directly with Rps2e
(62). The b/RRM probably also promotes the 40S binding of
elF3 via direct interactions with the a/Tif32 CTD (67, 150,
213). Thus, the entire b/RRM-j/Herl-a/Tif32 CTD module is
likely situated near the mRNA entry channel. The module is
stabilized by the interaction of a 35-residue segment of the
elF3j NTD with residues in helix a1 and loop 5 of the b/RRM
(61, 62), and substitutions in the b/RRM or j/Hcrl NTD that
disrupt these contacts confer marked leaky scanning of GCN4
uAUGTI (62). However, whereas the deletion of HCRI confers
leaky scanning, it does not produce an Ssu~ phenotype (33),
suggesting that it reduces equally the recognition of AUG and
UUG start codons. The destabilization of the b/RRM-j/Her1-
a/Tif32 CTD module with the Ssu” KERR and box6 substitu-
tions in the a/Tif32 CTD confers only a small increase in leaky
scanning, indicating that alterations of different components of
the module can have different consequences on the efficiency
and accuracy of AUG recognition.

The CTD of human elF3j was mapped by site-directed hy-
droxyl radical probing to the A site and mRNA entry channel
on the interface surface of the 40S subunit, and it was found to
reduce the affinity of 40S subunits for mRNA in a manner
largely overcome by TC binding, without dissociating from the
entry channel. It was envisioned that the elF3j CTD coordi-
nates mRNA binding with the presence of the TC and might
also influence 40S-mRNA interactions during scanning (72).
The binding of the yeast j/Hcrl CTD to Rps23 in vitro (62) is
consistent with its presence in the mRNA entry channel on the
interface side of the yeast 40S subunit (41), and it is possible
that the j/Herl CTD toggles between Rps23 contacts on the
interface side and Rps2 contacts on the solvent side in per-
forming different roles in PIC assembly or AUG recognition. It
should be noted, however, that the elimination of the j/Herl
CTD has no effect on yeast growth, except in the presence of
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the KERR or box6 mutations in the a/Tif32 CTD, and pro-
duces only a small increase in leaky scanning. Thus, in yeast the
proposed function of eIF3;j in regulating mRNA binding near
the A site is either noncritical or fully redundant with the
KERR and box6 elements of the a/Tif32 CTD. The latter
possibility might seem unlikely, considering that the a/Tif32
CTD binds to Rps2 and Rps3, but not Rps23, and thus seems
to be restricted to the solvent side of the 40S subunit. The
elimination of the j/Herl CTD in the presence of the a/Tif32
KERR/box6 substitutions had nonadditive effects on leaky
scanning, which remained modest in the double mutant (33). It
remains to be determined what critical aspect(s) of eIF3 func-
tion is impacted by this nearly lethal, compound disruption of
the elF3a CTD - elF3j - eIF3b-RRM module.

The extreme CTD of elF3b/Prtl assembles a second auton-
omous module in yeast eIF3 containing the g/Tif35 and i/Tif34
subunits (13), but g/Tif35 and i/Tif34 were found to be dis-
pensable in vitro for the stimulatory effects of eIF3 on the
recruitment of mRNA and the TC and also the translation of
a reporter mRNA (169). In vivo, however, the substitution of
residues on one surface of the g/Tif35 RRM reduced the effi-
ciency of scanning through a stable stem-loop in the 5"UTR of
a reporter mRNA, and the Q258R substitution in i/Tif34 ap-
peared to reduce the rate of scanning by 43S PICs involved in
reinitiation downstream of uORF1 on GCN4 mRNA. Thus,
the Q258R substitution stimulates reinitiation at GCN4 in a
reporter mRNA where uORF1 (as a solitary uORF in the
leader) is situated too close to the GCN4 AUG to allow suf-
ficient scanning time for the efficient reassembly of the PIC
(Fig. 3C, I). Interestingly, the slow-scanning phenotype of
Q258R might be mitigated by elF1/eIF1A co-overexpression
(42). The ability of g/Tif35 to bind specifically to Rps3e and
Rps20e suggests that the Prtl CTD - g/Tif35 - i/Tif34 module
is situated just above the mRNA entry channel and, hence,
could directly impact the efficiency of mRNA entry or its pro-
gression into the decoding center.

As noted above, the NTD of eIF3c/Nipl can interact simul-
taneously with eIF1 and the “non-GAP” CTD of eIF5 (14, 170)
to stabilize the MFC, and the elF3c-eIF1 interaction is con-
served in mammals (71). Thus, the ¢/Nipl NTD likely has a
role in recruiting eIF1 and eIF5 to the 43S PIC and might also
regulate their opposing functions in start codon recognition.
Indeed, Ala substitutions of 10 consecutive residues in the
yeast ¢/Nipl NTD (box12) confer a Sui~ phenotype, sup-
pressed by the overexpression of eIF1 and exacerbated by the
overexpression of eIF5, and reduce the binding of eIF1 to the
¢/Nipl NTD in vitro. It was proposed that the reduced inter-
action between elF1 and eIF3c in the scanning 43S PIC would
compromise eIF1’s ability to inhibit the eIF5 GAP function at
UUG codons (212). As noted above (Fig. 7), the ¢/Nipl NTD
appears to bind the same (a1) surface of eIF1 that contacts the
40S subunit (127, 180), and it is unclear whether eIF1 can bind
simultaneously to the 40S subunit and the ¢/Nipl NTD. It is
possible that elF1 is recruited by the ¢/Nipl NTD and then
transferred to the 40S platform. If so, a defect in eIF1 recruitment
conferred by the box12 substitution might reduce eIF1 occupancy
in the scanning PIC in a manner corrected by eIF1 overexpression
(145). The overexpression of eIF1 might saturate both of its
binding sites, on the platform and in the ¢/Nipl NTD, and this
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greater elF1 occupancy could be instrumental to its ability to
suppress UUG initiation in a variety of Sui~ mutants.

Substitutions in two other strings of 10 aa in the c/Nipl
NTD, box2 (with Ala) and the highly acidic box6 (with Arg;
Box6R), appeared to confer Ssu~ phenotypes (although the
effect on UUG-to-AUG ratios was not determined), and both
mutations reduced the binding of the ¢/Nipl CTD to elF5 in
vitro, reduced elF5 occupancy in native PICs, and (for Box6R)
conferred a growth defect mitigated by eIF5 overexpression. It
was suggested that the reduced GAP function associated with
the diminished interaction of eIF5 with the scanning PIC
would suppress the increased UUG initiation conferred by
Sui™ substitutions in eIF1, eIF2B, or eIF5 (212). Again, it is
unclear whether the association between the ¢/Nipl NTD
and the elF5 CTD, which stabilizes the MFC, is involved
only in the initial recruitment of eIF5 or also participates in
orienting the eIF5 NTD for its GAP function in the scanning
complex.

ROLES OF RNA HELICASES elF4A, Dedl, AND Dhx29 IN
RIBOSOME ATTACHMENT AND SCANNING

elF4A Helicase Activity Is Activated by elF4G,
elF4B, and elF4H

In addition to achieving a conformation of the ribosome
conducive to 5'-to-3’ translocation along single-stranded
mRNA, efficient scanning on many mRNAs also requires the
removal of secondary structures to allow the mRNA to pass
through the 40S mRNA entry or exit channels and permit its
base-by-base inspection in the P site. The secondary structure
must also be removed near the cap to produce a single-
stranded “landing pad” for the 43S PIC. In fact, Kozak showed
that the insertion of a stem-loop of moderate stability (—30
kcal/mol) 12 nt from the cap effectively blocked 43S attach-
ment to the mRNA, whereas a hairpin of higher stability (—60
kcal/mol) was required to block translation when inserted 72 nt
from the cap, where it arrested the progression of scanning 43S
PICs (104). Thus, in mammals, the 5’ attachment of the 43S
complex appears to be more sensitive than scanning to the
secondary structure and thus is more dependent on RNA-
unwinding activities. Multiple DEAD-box RNA helicases have
been implicated in translation initiation, including eIF4A,
Dhx29, and Ded1/Ddx3, and it is not fully understood which
ones participate at these two steps, but there is increasing
evidence that eIF4A functions in both ribosome attachment
and scanning, while Dhx29 and Ded1 act primarily in scanning.
DEAD-box helicases do not have processive unwinding activity
and can effectively disrupt only relatively short helices by lo-
cally melting the duplex strands and then binding to one of the
resultant single-stranded regions. This activity requires the
ATP-bound form of the enzyme, but the energy of ATP hy-
drolysis is not required for strand separation per se, which can
be catalyzed by Ded1 and eIF4A using certain nonhydrolyzable
nucleotides, including ADP-BeFx. Rather, it appears that ATP
hydrolysis serves primarily to dissociate the enzyme from the
RNA, recycling it for multiple rounds of RNA binding and
melting (126, 158).

elF4A is a typical DEAD-box helicase and thus exhibits
RNA-dependent ATPase activity and ATP-dependent duplex-
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unwinding activity (181). ATP and RNA bind cooperatively to
elF4A (130), consistent with the fact that both RNA and ATP
binding by DEAD-box proteins (Dbps) depend on the closed
conformation of the N- and C-terminal RecA-like domains,
which juxtaposes the conserved determinants of RNA and
ATP binding at the domain interface (9, 189). The association
of eIF4A with eIF4G in the eIF4F complex not only directs
elF4A to the cap-proximal region of the 5'UTR but also acti-
vates its ATPase and helicase activities (181, 187). The inter-
action of eIF4A with the first of three “HEAT” domains in
mammalian eIF4G (HEAT-1), and with the sole HEAT do-
main in the yeast factor, increases e[F4A’s ability to stimulate
translation initiation both in vitro and in cells (52, 53, 87, 147,
161). The crystal structure of free eIF4A revealed that the
RecA-like domains are widely separated in a fully open con-
formation (28), whereas an analysis of a complex between
elF4A and the eIF4AG HEAT domain in solution led to the
proposal that eIF4G functions as a “soft clamp” that stabilizes
the active, closed, interdomain conformation of eIF4A by in-
teracting with both the NTD and the CTD of elF4A via C- and
N-terminal a-helices, respectively, in the HEAT domain (154).
The crystal structure of the yeast eIF4A/eIF4AG-HEAT domain
complex revealed that although the RecA domains are held
closer together than in free eIF4A, with the conserved DEAD-
box motifs facing one another across the cleft, the domains
remain disengaged. Moreover, it was predicted that a full do-
main closure would be incompatible with contacts between the
elF4A NTD and the eIFAG-HEAT CTD observed for the
crystal structure. It was proposed that this less extensive, sec-
ondary interface between the cIF4A NTD and eIFAG-HEAT
CTD, which is not critical for the eI[F4A-eIF4G interaction per
se, stimulates ATPase activity by preventing the two elF4A
domains from getting trapped in a nonproductive open con-
formation following ATP hydrolysis (187).

More recently, evidence was presented that the “half-open”
conformation observed for the elF4A/eIF4AG-HEAT crystal
structure occurs in solution and promotes ATP hydrolysis,
dependent on eIF4G residues at the secondary interface. It was
suggested that this conformation comes into play following
ATP hydrolysis to facilitate the release of P; from ADP - P,,
which should trigger the dissociation of the RNA and also
promote the subsequent ADP-ATP exchange necessary for the
next reaction cycle (83). This proposal bears some similarity to
the roles advanced for Glel, which structurally resembles the
elF4G HEAT domain, and Nup159 in the reaction cycle of the
DEAD-box helicase Dbp5 in stimulating mRNA export from
the nucleus (141, 152a).

The ATPase and helicase activities of eIF4A are also stim-
ulated by eIF4B and eIF4H (181, 182), which share sequence
similarity across the length of eIF4H. Both eIF4H and elF4B
bind to eIF4A with low affinity, and this interaction is stabilized
by ATP and single-stranded RNA (134, 149, 182). As these two
ligands stabilize the closed conformation of eIF4A, and con-
sidering other evidence that eIF4H can interact with both
domains of eIF4A (134, 182), it is possible that eIF4B and
elF4H stimulate eIF4A helicase activity by enhancing domain
closure in the manner described above for eIF4G. However,
elF4B also has single-stranded-RNA-binding activity, and
there is evidence that it stabilizes eIF4A binding to RNA by
making transient interactions with nucleotides flanking a 9- to
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10-nt “core” elF4A-binding site in an elF4B-eIF4A-RNA
complex (182). This activity could enable eIF4B to help recruit
elF4A to single-stranded stretches in a structured mRNA sub-
strate, and it could also stabilize the single-stranded RNA prod-
ucts of the helicase reaction and prevent reannealing. Assuming a
fixed orientation of eIF4B relative to that of eIF4A in the ternary
complex with RNA, and a fixed 5'-to-3’ orientation of mRNA
binding to eIF4A, the latter activity could provide 5’-to-3" direc-
tionality to the duplex-unwinding reaction (134).

elF4F Stimulates 43S PIC Attachment to mRNA

The presence of eIF4A in the cap-binding complex eIF4F
makes it the prime candidate for the helicase that generates a
single-stranded binding site for the 43S PIC at the 5’ end of
mRNA. The tight binding of eIF4F to the capped 5’ end is
dependent not only on the eIF4E-cap interaction and eIF4E
binding to eIF4G (168) but also on the RNA-binding activity of
elF4G (21, 155, 221) and the direct interaction of eIF4G with
PABP bound to the poly(A) tail (155, 205, 207). Although the
elF4E-cap interaction adds little to the binding affinity of pu-
rified eIF4F for naked mRNA (97), it differs from the eIF4G-
mRNA interaction in not having to compete with other general
RNA-binding proteins and, thus, can presumably direct eIF4F
binding to the capped 5" end of mRNA in vivo. The ability of
eIF4G to also interact with the PABP-bound poly(A) tail pro-
vides another means of outcompeting general RNA-binding
proteins (205). Thus, eIF4G’s ability to simultaneously interact
with eIF4E - cap, PABP - poly(A) tail, and the body of mRNA
promotes the assembly of a highly stable eIF4F complex at the
mRNA 5’ end. Although the eIF4F-PABP interaction enables
the joining of the cap and the poly(A) tail in a circle, it remains
unclear whether mRNA circularization per se is critical for
efficient initiation or, instead, if the eIF4G-PABP interaction
simply represents one of several interactions that stabilize
elF4G binding to mRNA, which is likely the critical event in
promoting 43S attachment. The latter view is supported by find-
ings in yeast that the PABP-eIF4G interaction is dispensable for
WT cell growth and becomes important for viability only when
the eIF4E-cap interaction and an RNA-binding domain in the
elF4G NTD are simultaneously ablated (155, 207).

Evidence that the eIF4A helicase activity promotes ribo-
some attachment to mRNAs with cap-proximal secondary
structures is provided by the finding that dominant negative,
catalytically inactive eIF4A proteins impair translation in ex-
tracts to a greater extent for reporter mRNAs with cap-prox-
imal secondary structures than for constructs lacking such
structures. However, the translation of the unstructured re-
porter was also significantly reduced in a manner attributed to
an impaired eIF4F binding to the capped mRNA and a reduc-
tion in 43S-mRNA attachment (204). Similarly, the translation
of reporter mRNAs with 5'"UTRs of only 45 or 8 nt was im-
paired in eIF4A-dependent yeast extracts when supplemented
with catalytically defective eIF4A mutants, indicating that even
mRNAs with very short or unstructured leaders are dependent
on elF4A helicase activity. It was speculated that eIF4A is
needed to dissociate RNA-RNA interactions besides obvious
stem-loops in the 5"UTR to enable ribosome attachment (24).

The eIF4A cofactor eIF4B is dispensable in yeast, but its
elimination greatly reduces cell growth, especially at low tem-
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peratures. In cells lacking Tif3/eIF4B, the translational effi-
ciency of reporter mRNA was relatively more diminished at
lower temperatures and when it harbored a stem-loop (—14.1
kcal/mol) inserted 22 nt from the cap, although the unstruc-
tured reporter was also significantly impaired (8). Given its
cap-proximal location, this stem-loop likely impeded 43S at-
tachment. The depletion of eIF4B in mammalian cells also
appears to selectively inhibit the translation initiation of
mRNAs with more structured 5'UTRs, but whether 43S attach-
ment, scanning, or both were impaired for these mRNAs is
unclear (191). Hence, evidence is lacking that Tif3/eIF4B is
critical for scanning in vivo. In fact, experiments with yeast
suggest that Tif3 is dispensable for highly processive scanning
through an extremely long 5'UTR (22).

As noted above, Pestova et al. showed that the assembly of
48S PICs on uncapped, synthetic mRNA with an unstructured
5'UTR required only elFs 1, 1A, and 3 and the TC (167),
whereas 48S assembly on native 3-globin mRNA also required
elF4F, elF4A, elF4B, and ATP, and that the omission of eIFs
1 and 1A led to an aberrant PIC arrested in the globin mRNA
5'UTR (165). These findings implied that the 43S attachment
to the structured 5’ end of B-globin mRNA requires eIF4F,
elF4B, and ATP hydrolysis by eIF4A and that subsequent
scanning to the AUG codon additionally requires eIFs 1 and
1A. Dmitriev et al. found that eIF4B was crucial for 48S as-
sembly on a derivative of B-globin containing a G-C-rich se-
quence that sequesters the 5’ end in the secondary structure,
further implicating eIF4B in 43S attachment to a structured
5'UTR (50). Similarly, Lorsch et al. showed that eIF4F and
elF4B/Tif3 are both required in a yeast fully reconstituted
system for the rapid formation of stable 48S PICs on native
capped mRNAs (RPL414 and DAD4) but not on a capped,
unstructured, synthetic mRNA, which required only elFs 1,
1A, and 3 and the TC. As these native mRNAs have short (22-
to 23-nt) 5'UTRs, it seems likely that 43S attachment was
being stimulated by eIF4F and eIF4B/Tif3. Interestingly, 48S
PICs could be formed on uncapped RPL41A and DAD4
mRNAs without e[F4F and elF4B, dependent on elF3, but the
complexes appeared to be relatively unstable. This and other
observations led to the proposal that the triphosphate portion
of the cap inhibits 48S PIC assembly by a nonproductive “elF3-
only” pathway and imposes a requirement for the eIF4 factors
to form productive 48S PICs (139).

In addition to recruiting eI[F4A to the mRNA 5’ end and
stimulating its ability to generate a single-stranded binding site
for the ribosome, it is thought that eIF4G also actively pro-
motes 43S attachment as a molecular bridge by interacting
simultaneously with mRNA and factors bound to the PIC,
including eIF3 in mammals and eIF5 and eIF1 in yeast. Mam-
malian elF3 interacts with an internal segment of elF4G lo-
cated C terminal to the HEAT-1 domain (87, 101, 119, 142). It
was shown that the mammalian eIF3e subunit can bind eIF4G
directly and that excess free elF3e competes with the elF3
holocomplex for eIF4G binding and also impairs translation
initiation and the elF4G association with 40S PICs in cell
extracts, all consistent with the idea that the cIF3e-elF4G
interaction promotes 43S PIC attachment to mRNA (124). It
was proposed that mammalian eIF4B can also stimulate ribo-
some attachment to the mRNA by binding simultaneously to
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mRNA through its C-terminal, Arg-rich, RNA-binding domain
and to 18S rRNA through its N-terminal RRM (137).

Neither eIF3e nor the eIF3-binding segment of eIF4G is
conserved in yeast (134), and yeast eIF3 and eIF4G do not
interact directly (139). However, yeast eIF4G and eIF5 interact
tightly (139), and the eIF5 CTD can bridge the interaction
between elF4G2 and the elF3c/Nipl NTD (elF5’s partner in
elF3) and stimulate the eIF4G-elF3 association in cell ex-
tracts. A mutation in the eIF5 CTD (tif5-7Ala) that disrupts its
interactions with eIF4G2 and the ¢/Nipl NTD impairs the
binding of native mRNA (MFA2) to 40S subunits in cell ex-
tracts in a manner rescued by WT eIF5 (14). Thus, the
elF4G2-elF5 association might substitute for the eIF4G-elF3
interaction to promote 43S PIC-mRNA attachment in yeast.
This stimulatory function of eIF5 has not been observed thus
far in the yeast fully reconstituted system (139). Moreover, the
tif5-7Ala mutation (14), or even the depletion of eIF5 in a yeast
degron mutant (94), leads to the accumulation (not the deple-
tion) of native 48S complexes. The latter findings suggest that
the eIF5 functions in start codon recognition and GTP hydro-
lysis by the TC, prerequisites for 60S subunit joining to the 48S
PIC, are more rate limiting in vivo than its participation in 43S
attachment to mRNA. As yeast eIF4B/Tif3 can bind directly
to elF3 (139), it might also form a bridge between the
elF4F - mRNP and the 43S PIC and function redundantly with
the elF5-eIF4G interaction.

Surprisingly, the depletion of eIF4G1 in a yeast degron mu-
tant lacking eIF4G2 did not reduce the binding of RPL41A
mRNA to native 43S PICs in yeast cells, although the depletion
of elF2 or elF3 did have this effect (94). This finding is mir-
rored by results from the yeast fully reconstituted system,
where the omission of eIF4G from reaction mixtures contain-
ing elF3, eIF4A, and elF4B (in addition to eIFs 1 and 1A and
the TC) reduced the rate by 20-fold but did not alter the
endpoint of 48S PIC assembly, at least for RPL414 mRNA,
whereas no complexes were produced even after prolonged
incubation without eIF3 (139). In addition, unlike the deple-
tion of elF3, the depletion of eIF4G from yeast cells does not
abolish protein synthesis but reduces the rate to only ~25% of
the WT rate. Microarray analyses of polysomal mRNAs did
not identify any mRNAs whose translation is dramatically im-
paired upon the depletion of eIF4G, although a widespread
narrowing of translational efficiencies occurred, with many of
the most efficiently translated mRNAs declining and many of
the least efficient mRNAs increasing in efficiency. (The latter
increase was explained as the result of reduced competition
with the most efficiently translated mRNAs for limiting 43S
PICs.) Thus, it appears that eIF4G is rate enhancing rather
than essential for the translation of most mRNAs in yeast but
is crucial for maintaining the proper spectrum of translational
efficiencies across the genome (156). Similar conclusions were
reached earlier for the depletion of eIF4G in mammalian cells
(179). Unexpectedly, the mRNAs whose efficiencies were re-
duced the most upon eIF4G depletion in yeast had relatively
short 5"UTRs devoid of stable secondary structures, which is
typical of most yeast mRNAs, whereas those translated rela-
tively better in the absence of eIF4G had longer-than-average
5'UTRs. It was suggested that this outcome is consistent with
the possibility that eIF4G is most critically required for 43S
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attachment rather than scanning through long, unstructured
5'UTRs, which might depend on Ded1 instead (156).

The observations that eIF4G appears to be stimulatory
rather than essential for the translation of most mRNAs in
cells (40, 156, 179) are consonant with the findings mentioned
above that reconstituted mammalian 43S PICs lacking eIF4F
can attach to the 5’ end and scan to the start codon of un-
capped mRNAs harboring unstructured 5'UTRs. Indeed, 5'-
end attachment was achieved with only eIF3 and the TC for
such mRNAs containing 5'-proximal AUGs, and scanning to
AUGs further downstream additionally required only elIFs 1
and 1A (167). The mechanism of eIF4F-independent 5'-end
attachment by the 43S PIC remains uncharacterized. In addi-
tion, it is unclear whether scanning occurs with 5’-to-3" direc-
tionality in the absence of eIF4 factors or, rather, is more akin
to random bidirectional diffusion that requires only the open
conformation of the 40S subunit imposed by elFs 1 and 1A. In
any event, it appears that initiation at the correct AUG can
occur at appreciable levels, even if at considerably lower rates,
in the absence of eIF4G for the bulk of mRNAs in living cells.

elF4F Promotes Scanning through mRNA
Secondary Structures

As noted above, 48S PIC assembly on a synthetic unstruc-
tured mRNA in the mammalian reconstituted system does not
require elF4F, elF4A, or elF4B (167). However, the elF4
factors and ATP were required for 48S assembly when a stem-
loop of moderate stability (—13.1 kcal/mol) was inserted 43 nt
from the 5’ end of the unstructured mRNA, providing direct
evidence that eIF4F and ATP hydrolysis by eIF4A stimulate
scanning through the secondary structure, in addition to pro-
moting 43S attachment to the mRNA. Consistent with a role
for eIF4G in scanning, it was shown that a segment of mam-
malian eIF4G located N terminal to HEAT-1, which contains
RNA-binding activity, is required for scanning to the AUG
codon after 40S binding to internal ribosome entry sites in
certain viral mRNAs (176). In addition, it was demonstrated
that reinitiation following the translation of a short uORF in
mammalian cell extracts depends on the involvement of eIF4G
in the prior translation of the uORF, suggesting that eIF4G
remains associated with the ribosome during the translation of
the uORF and stimulates reinitiation downstream (175). It is
unclear, however, whether eIF4G was required to stabilize the
interaction of the posttermination 40S subunits with the
mRNA (analogous to 43S attachment at the cap) or for their
scanning proficiency. In a related finding, substitutions in yeast
elF4G2 that weaken its binding to eIF4E or eIF4A appear to
reduce the rate of scanning by 43S PICs engaged in reinitiation
on GCN4 mRNA and, thus, located far downstream from the
5’ cap (217). eIFAG might promote scanning as a component
of eIF4F that is still bound to the cap structure, as depicted in
Fig. 1 and discussed below.

Models of the Scanning PIC

The integration of separate cryo-EM models of mammalian
elF3-40S and elF3-eIF4G complexes led to the prediction that
elF4G interacts with the PIC near the mRNA exit channel of
the 40S subunit, which would position eIF4F upstream (5') of
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FIG. 12. Models of the scanning PIC. (A) Cryo-EM model of mammalian eIF3 (magenta) and eIF4G (blue) binding to the 40S subunit (yellow),
annotated to depict the path of the mRNA (red ribbon) in the decoding center and exit channel (Reproduced from reference 194 with permission from
AAAS.) (B) Model for the scanning PIC in which the eIF4G N-terminal region remains bound to the cap-eIF4E assembly and the HEAT-1 domain of
elF4G interacts with mRNA sequences immediately 5’ of the 40S exit channel, causing the mRNA to form a loop between the cap and HEAT-1 that
grows in size as scanning proceeds. eIF4A, bound to HEAT-1, interacts with mRNA sequences located 3’ of the PIC to destabilize the secondary structure
before it reaches the 40S subunit, and eIF4H prevents the reannealing of the unwound, single-stranded nucleotides before they enter the entry channel
pore. (Reproduced from reference 134 with permission from Elsevier.) (C) A Brownian ratchet mechanism of scanning in which eIF4A undergoes cycles
of binding and dissociation from the mRNA, driven by ATP binding and hydrolysis, near the mRNA exit channel (where it is positioned by eIF4G). eIF4B
interacts with the eIF4A - ATP - mRNA complex but dissociates from the mRNA more slowly than does eIF4A - ADP, allowing it to act as a pawl to
prevent 3'-to-5" backsliding. Thus, the random sliding of the ribosome can occur only in the 3" direction and is fixed at the new location by the next cycle
of eIF4A - ATP - mRNA - elF4B complex assembly. (Reproduced from reference 199 with permission of the publisher [copyright 2009 American
Chemical Society].) (D, left) Docking of the crystal structure of yeast eIF4A to eIF4G and the HEAT-1 domain of human eIF4G1 into the SAXS
envelope of the complex between elF4A and the elF4G fragment containing HEAT domains 1 to 3. (Right) Comparison of the sizes of the 40S subunit
and the eIF4A-eIF4G complex. (Reproduced from reference 149 by permission of Oxford University Press.)
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the scanning PIC (Fig. 12A). It was proposed that eIF4F would
prevent the 3’-to-5" backsliding of the PIC rather than the
unwinding of the secondary structure in advance of the ribo-
some (194). This idea was elaborated by Spirin (199), who
proposed that eIF4A and eIF4B undergo cycles of binding to
and dissociation from the mRNA sequences located immedi-
ately upstream of the PIC to impose 5'-to-3’ directionality on
scanning. The elF4G would travel with the scanning PIC, ow-
ing to the elF3-eIF4G interaction, and deliver elF4B-
elF4A - ATP complexes to the single-stranded mRNA as it
emerges from the exit channel. ATP hydrolysis would release
elF4A from the mRNA, but the eIF4B would remain bound
and block backwards movement by the PIC. When the ribo-
some moves again in the 3’ direction, the cycle would repeat
itself. This would constitute a “Brownian ratchet” mechanism,
with eIF4B acting as the pawl and the energy of ATP hydrolysis
being expended by eIF4A upstream of the PIC (Fig. 12C).

A different model proposed by Marintchev et al. (134) en-
visions that eIF4G can span the mRNA exit and entry channels
on the 40S subunit and position eIF4A at the entry channel for
the unwinding of the structure ahead of the ribosome while
also interacting with mRNA as it emerges from the exit chan-
nel via the HEAT-1 domain (Fig. 12B). eIF4B (or elF4H)
would be located behind eIF4A but in front of the ribosome to
prevent the reannealing of the unwound mRNA until it feeds
into the entry channel, imposing 5’-to-3" directionality. In this
model, the energy of ATP hydrolysis is expended downstream
of the PIC. It was envisioned that eIF4F could remain engaged
with the cap during scanning, and the already-scanned nucle-
otides would form a loop between the cap-eIF4F assembly and
the ribosome that expands as scanning proceeds (Fig. 12B)
(134). This model fits with the conclusions reached from the
reconstituted mammalian system, that eIF4F, eIF4A, and
elF4B are required for both ribosome attachment (to 8-globin
mRNA) and scanning through stem-loops at cap-distal loca-
tions (165, 167). The location of the HEAT-1 domain of eIF4G
in the model shown in Fig. 12B differs significantly from that
predicted by the EM analysis shown in Fig. 12A in residing
below, rather than above, the 40S platform, which is more
consistent with sites of hydroxyl radical cleavage directed from
elF4G HEAT-1 in reconstituted mammalian 43S PICs. These
cleavage sites occurred primarily in helix 2 of expansion seg-
ment 6 (ES-6) in 18S rRNA, near the “left foot” of the 40S
subunit (227).

Small-angle X-ray scattering (SAXS) analysis of the complex
between elF4A and a segment of mammalian eIF4G contain-
ing HEAT-1 and HEAT-2 revealed an elongated, rigid struc-
ture of ~220 A in length, easily capable of spanning the ~50 A
separating the entry and exit channel openings on the 40S
subunit (Fig. 12D). However, at odds with one aspect of the
model described by Marintchev et al. (134), it was found that
eIF4G and eIF4B bind to eIF4A in a mutually exclusive man-
ner but that a prior association with eIF4G is required for
elF4A to form a stable mRNP with eIF4B. This led to the
proposal that eIF4A is recruited to elF4F, isomerizes to its
closed conformation upon the interaction with eIF4G, and
then transfers from eIF4G to an eIF4B molecule bound to the
mRNA downstream of the PIC, with the activation of eIF4A
helicase activity and the attendant disruption of RNA duplexes
at the mRNA entry channel pore (149).
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The latter model and that depicted in Fig. 12B, which envi-
sion elF4A and elF4B working at the mRNA entry channel
ahead of the scanning PIC, have to take into account the fact
that in toeprint analyses of reconstituted 48S PICs, reverse
transcriptase (RT) proceeds all the way to the leading edge of
the 40S subunit (139, 165). Similarly, analyses of mRNA frag-
ments protected from RNase digestion in 48S complexes, car-
ried out in the 1970s, did not detect any factors bound to the
mRNA downstream of the 40S subunit that can block RNase
accessibility, whereas additional residues 5" of the ribosome
were protected from digestion (111, 118, 123). The latter pro-
tection can be explained by the stable association of elF4G
with the mRNA immediately upstream of the exit channel,
whereas the lack of protection on the downstream side of the
PIC seems to indicate that the proposed association of eIF4G,
elF4B, and eIF4A (or other helicases) with mRNA at the entry
channel would be very dynamic. Finally, considering that
elF4B/Tif3 is nonessential in yeast (8) and that the severe
depletion of eIF4G reduces the rate considerably but does not
abolish translation initiation in yeast or mammalian cells (156,
179), these models presumably depict the most efficient, but
not the sole, PIC configuration capable of 5'-end attachment
and scanning in vivo.

Additional DEAD-Box Helicases, Dhx29 and Ded1, Promote
Ribosomal Scanning through Strong Secondary Structures

While there is strong evidence that elF4F, elF4A, and
elF4B can stimulate scanning through stem-loop structures, it
is clear that other helicases not associated with the cap also
have this capacity. Ded1 is a DEAD-box helicase in budding
yeast (89, 222) that is essential for cell viability and initiation
on the majority of yeast mRNAs in vivo and is also required for
translation initiation in cell extracts (34). Furthermore, Ded1
appears to functionally overlap with eIF4F in vivo, as its over-
expression suppresses the growth defect of an eIF4E mutation
(cdc33-1), and a ded1 mutation exacerbates the growth defects
of mutations in eIF4E, eIF4A, elF4B, or eIF4G (47). Interest-
ingly, the overexpression of Dbpl, 72% identical to Dedl,
suppresses the lethality of a dedlA mutation (93), raising the
possibility of multiple RNA helicases functioning in translation
initiation in yeast. Consistent with this, a Ts™ dedl mutation
and the deletion of DBPI each had stronger effects than a Ts™
mutation affecting e[F4A or the deletion of eIF4B/Tif3 on the
translation of a reporter mRNA harboring an extended
5'UTR. This led to the proposal that Ded1 and Dbp1 are more
important than eIF4A/eIF4B for processive scanning in yeast.
Indeed, Ded1 was found to be more potent than the elF4A/
elF4B combination in the unwinding of RNA duplexes in vitro
(135), although the stimulatory effect of eIF4G on eIF4A ac-
tivity was absent in that study. In addition, the ded! mutation
impairs the efficiency of scanning through a stem-loop inserted
far downstream from the 5’ cap of a reporter mRNA (33).
Thus, it appears that Ded1 is at least as important as eIF4A in
promoting ribosomal scanning through long or structured
5'UTRs in yeast cells.

In the reconstituted mammalian system, it was found that
that elF4F, elF4A, and eIF4B functioned poorly to stimulate
scanning through highly stable stem-loops, of AG =—19 kcal/
mol, inserted into a synthetic unstructured 5'UTR. This defi-
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1 by permission from Macmillan Publishers Ltd., copyright 2011.)

ciency led Pestova and colleagues to purify another DEAD-
box helicase, Dhx29, by its ability to function synergistically
with the eIF4 proteins and stimulate 48S assembly in the pres-
ence of such strong stems (174). Purified yeast Ded1 could also
function in this manner but less efficiently than Dhx29 for the
most stable stems, whereas the human Dedl homolog, Ddx3,
was inactive in this assay (1). Interestingly, neither Dhx29 nor
Dedl could replace the elF4 factors and support 48S PIC
assembly on B-globin mRNA, which was attributed to their
inability (in contrast to eIF4F) to stimulate 43S PIC attach-
ment to an mRNA with a cap-proximal structure. Using syn-
thetic mRNAs with unstructured cap-proximal sequences, for
which 43S attachment can occur without ¢IF4 factors, and
containing highly stable, cap-distal stems, Dxh29 and Dedl
each could support 48S assembly in the absence of elF4 fac-
tors. Thus, it appeared that Dhx29 and Ded1 specifically stim-
ulate scanning through secondary structures, whereas the
elF4 factors enhance both 43S attachment and scanning but
are less effective than Dhx29 and Dedl in promoting scan-
ning through highly stable stems (1).

Interestingly, in the absence of Dhx29/Ded1, stem-loops that
are too stable to be unwound by elF4 factors alone were found
to bypass the mRNA entry channel and become lodged in the
exit channel of the scanning PIC. It appeared that mRNA
continues to feed into the ribosome and loops out from the
decoding center until an AUG enters the P site. This can lead
to the formation of a stable 48S PIC but only in the absence of
elF1. It was proposed that a defective interaction with the exit
channel upstream of the AUG, provoked by the stem-loop, was
recognized as being aberrant and was destabilized by elF1,
even after the stem-loop had cleared the ribosome. This was
likened to the role of eIF1 in destabilizing PICs with poor
context or a very short 5’UTR (1). The bypass of the entry
channel by a stable stem could be suppressed by the addition of
Dhx29 or (to a lesser extent) Dedl, which presumably un-
wound the stem and fed it into the 40S entry channel in a
single-stranded form. An interesting implication of these find-
ings is that if a stem-loop is not removed by Dhx29 and by-
passes the entry channel, eIF1 will be responsible for the sub-
sequent inhibition of initiation exerted by this structure (Fig.
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13). Hence, the downregulation of eIF1 could mitigate the
inhibitory effects of strong stems in the 5'UTRs of mRNAs. A
stem-loop located downstream of an AUG can also bypass the
entry channel and occupy the A site in a 48S PIC arrested at
the AUG codon, shifting the location of the toeprint to a
position 11 to 12 nt from the 3’ base of the stem, i.e., the length
of the entry channel. Dhx29 prevents this aberrant structure
from forming as well and, interestingly, can destabilize it even
when added to the reaction mixture after its formation (1).

Remarkably, Dhx29 is found stably associated with 40S sub-
units and protects 18S rRNA residues at the top of h16 from
chemical modification (174). This suggests that Dhx29 binds
near the opening to the mRNA entry channel, consistent with
a direct role in the unwinding of helices in advance of the
scanning PIC. As noted above, Dhx29 can dissociate aberrant
48S PICs containing a strong stem-loop in the A site. Dhx29
can also destabilize aberrant complexes in which RT pene-
trates into the PIC 8 nt farther than normal, which has been
attributed to an improper interaction of nucleotides 3’ of the
AUG in the entry channel. Because Dhx29 can destabilize
these preformed aberrant complexes, it was proposed that it
can structurally remodel the PIC, rather than simply removing
the mRNA secondary structure. Because Dhx29 is not a pro-
cessive helicase, and its ATPase activity was stimulated more
by the PIC than by RNA, it was speculated that Dhx29 desta-
bilizes a stem-loop by stimulating the opening and closing of
the mRNA entry channel, enabling single-stranded bases
melted from the base of the stem to be captured in the entry
channel. Because yeast Dedl does not bind stably to the 40S
subunit and could not function like Dhx29 in preventing strong
stems located downstream of an AUG from bypassing the
entry channel, it was suggested that Ded1 functions by a dif-
ferent, unknown mechanism (1).

The silencing of Dhx29 in cultured cells reduced the overall
translation by ~50% and produced an obvious reduction in the
bulk polysome size, consistent with a decreased rate of initia-
tion (157). Analyses of the polysome distributions of four dif-
ferent native mRNAs indicated that the initiation rate was
impaired only for the two mRNAs with highly structured
5'UTRs. However, the substantial reduction in total protein
synthesis evoked by Dhx29 seems to indicate that not merely a
small fraction of mRNAs burdened with highly stable 5'UTR
structures are dependent on this helicase for optimal transla-
tion initiation in cells.

PERSPECTIVES

The last decade has seen great progress in deciphering the
mechanism of ribosomal scanning, with key contributions from
the mammalian and yeast reconstituted systems, yeast genetics,
and structural biology. Of course, many important questions
remain to be answered. The model that eIF1 and eIF1A pro-
mote an open 40S conformation conducive to scanning but
incompatible with subunit joining, and the importance of eIF1
and the eIF1A SE elements in achieving this conformation,
appears robust, but how these factors accomplish this feat, and
open the latch on the mRNA entry channel, is unknown. Bio-
chemical studies should be pursued to test the prediction that
the eIF1A CTT interacts directly with initiator tRNA or elF1
to stabilize the scanning mode of TC binding, is ejected from
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the P site, and interacts with eIF5 upon AUG recognition.
Exploiting the known Sui~ substitutions in the SEs should
facilitate the analysis of conformational rearrangements of the
CTT and initiator tRNA in the P site between the open and
closed conformations. It should also be examined whether the
NTT and the helical domain of eIF1A interact with the entry
channel latch, P site, or initiator tRNA in a manner affected by
Ssu™ substitutions in these SI elements, to elucidate their roles
in the transition from open to closed 40S conformations. The
identification of new Sui~ and Ssu™ substitutions in eIF1 and
the characterization of them biochemically in the reconstituted
system should help identify the eIF1 domains involved in sta-
bilizing the scanning 40S conformation, impeding P; release,
destabilizing initiator tRNA binding, and detecting the
AUG-Ac duplex, in addition to controlling its own dissociation
from the 40S subunit upon AUG recognition. It is critical to
determine whether specific residues in initiator tRNA have
important functions in start codon recognition in vivo and if
they interact with rRNA residues to stabilize initiator tRNA
binding. It is intriguing to consider that the formation of the
AUG-Ac duplex might stabilize a conformational change in
the initiator tRNA, or evoke a conformational change in the
rRNA, that helps to evict eIF1 from the platform, and muta-
tional analysis of the 18S rRNA in yeast should aid in exploring
this possibility. It would also be fascinating if a conformational
change in the initiator tRNA or rRNA was transmitted to eIF2
to stimulate P; release from the GDP - P; bound to the G
domain of elF2y.

If the eIF1A interaction with the eIF5 NTD contributes to
ejecting elF1 and allowing P; release, as envisioned in Fig. 6, it
should be possible to identify Ssu™ and Sui~ substitutions in
elF1A and elF5 that impair and facilitate, respectively, inter-
actions with one another or interactions of the eIF5 NTD with
the 40S subunit. In parallel, biochemical experiments should
proceed to map the putative interactions of the eIF5 NTD with
the P;-binding pocket in eIF2vy, eIF1A, and the 40S subunit. It
is necessary to understand exactly how eIF23 blocks the
GTPase activity of eIF2 in a manner that can be overcome by the
elF5 GAP domain and to determine if eIF5 also impedes P;
release in the scanning complex. Whether the eIF2 subunits in
the TC interact directly with 18S rRNA residues or ribosomal
proteins and if these interactions differ between the open and
closed 40S conformations are other questions of obvious im-
portance. Biochemical studies here would benefit from having
additional (or even the first) Sui~ or Ssu™ substitutions in eIF2
subunits or different ribosomal components present in the de-
coding center. It also seems possible that eIF2 subunits directly
influence the distinct modes of initiator tRNA binding pre-
dicted for the open and closed 40S conformations (Fig. 8).
Whether eIF2 interacts directly with the mRNA, particularly at
the —3 and +4 nucleotides, to regulate start codon recognition
is important to address, as is the involvement of ribosomal
components near the 40S exit site/channel in recognizing the
optimum AUG context. Clearly, all of the outstanding issues
regarding the mechanism of ribosomal scanning and AUG
recognition would be illuminated dramatically by new high-
resolution structures of PICs containing different combinations
of factors or representing different stages of the process. Sin-
gle-molecule studies with fluorescently tagged factors should
also be very useful in detecting, and kinetically characterizing,
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rearrangements that occur in the PIC during scanning and
upon AUG recognition.

It is now clear that eIF3 has a critical role in 43S-mRNA
attachment, independent of bridging eIF4F and the 40S sub-
unit, and there are genetic data implicating eIF3 in modulating
the rate of scanning and the efficiency or accuracy of AUG
recognition. There is much to be learned about eIF3’s contacts
with the 40S subunit and its role(s) in recruiting mRNA, reg-
ulating 40S conformational transitions, and opening or closing
the mRNA channel openings on the solvent side of the 40S
subunit. It is also important to determine whether eIF3’s con-
nections to elF1, the eIF5 CTD, and the elF23 NTD, which
stabilize the MFC, remain intact in the 43S - mRNA complex
and regulate the functions of these factors during scanning.
The possible roles of ribosomal proteins and rRNA elements
at the mRNA entry and exit pores in scanning must also be
defined, and the GCN4 reporters that reveal reduced rates of
scanning could be useful here. It is certain that other RNA
helicases besides eIF4A function in translation initiation, al-
though Dhx29 and Ded1 might be specialized to promote pro-
cessive scanning through long or structured 5'UTRs, whereas
the creation of a single-stranded binding site for the 43S sub-
unit near the cap could depend primarily on eIF4F. The rela-
tive importance of the different helicases for 43S attachment
versus scanning needs to be defined in vivo, and a genome-wide
analysis of their requirements for the activation and translation
of native mRNAs would be very enlightening. There is still
much to learn about how the functions of the helicases are
coordinated with the scanning PIC, including how Dedl is
recruited and how Dhx29 unwinds the secondary structure. It is
also important to determine whether eIF4B and elF4H have
roles in 43S-mRNA attachment and scanning that are inde-
pendent of their functions as eIF4A cofactors.
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